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GENERAL INTRODUCTION 
For several years, work in Trahanovsky's group has focused on the 
study of the flash vacuum pyrolysis (FVP) of hydrocarbons and oxygen-
containing species including furfuryl esters. The studies involving 
furfuryl esters have led to the development of new reactions including 
the synthesis of various substituted methylenecyclobutenones and 
2,3-bis(methylene)-2,3-dihydrofuran derivatives. This dissertation is 
divided into two parts, both of which involve the study of the pyrolysis 
of furfuryl esters. 
Part I of this dissertation presents a detailed mechanistic study 
of the formation of methylenecyclobutenone and other minor products by 
the FVP of furfuryl benzoate. This study is based on the GLC/MS 
analyses of the deuterium content of these products obtained from the 
FVP of furfuryl-a, benzoate, furfuryl-5-d^ benzoate, and 
furfuryl-3-^^ benzoate. 
In Part II of this dissertation, FVP of a furfuryl ester was used 
to synthesize for the first time, 2-methylenebenzocyclobutenone. In 
this study, the preparation of 3-benzoyloxymethylbenzofuran and its FVP 
products, which include both 2-methylenebenzocyclobutenone and indenone, 
are described. Procedures developed for preparation of pure samples of 
2-methylenebenzocyclobutenone are also described. 
Explanation of Dissertation Format 
This dissertation has been written using the alternate dissertation 
format and consists of two parts written as complete papers in a style 
2 
for publication in journals published by the American Chemical Society. 
A communication from Part II has been recently accepted for publication 
in the Journal of the American Chemical Society. All of the 
experimental results presented in Parts I and II were contributed by 
the candidate. 
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PART I. MECHANISM OF THE FORMATION OF METHYLENE-
CYCLOBUTENONE BY THE FLASH VACUUM PYROLYSIS 
OF FURFURYL BENZOATE 
4 
INTRODUCTION 
During the past decade, flash vacuum pyrolysis has attained 
recognition as a method enabling the generation of novel and useful 
synthetic intermediates. Some reasons for this recognition are that 
flash vacuum pyrolysis is usually clean, convenient, efficient, and 
simple and does not require costly equipment. FVP frequently has 
advantages over other synthetic methods for accomplishing the same 
goals [1-8], and is especially suited for the study of fragmentation 
reactions and molecular rearrangements. 
FVP of furfuryl benzoate (1) was reported several years ago to give 
a moderate yield of methylenecyclobutenone (2) along with other minor 
products [9, 10]. It was found that methylenecyclobutenone (2) can also 
be obtained by the FVP of furfuryl acetate (3), but that a moderate 
yield of the dimer of cyclopentadienone (4) [10] is also produced. 
The formation of methylenecyclobutenone (2) from the FVP of furfuryl 
benzoate (1) and furfuryl acetate (3) made available the parent compound 
of a series of compounds which is not easily synthesized [11]. Prior to 
-PhCOOH 
FVP 
2 
5 
^«2 
3 -CH^COOH 
FVP 1 
2 
3 
0 
4 0 
that report, methylenecyclobutenone (2) was one of the unknown simple 
cyclobutadiene derivatives [12] and is a potentially useful synthetic 
intermediate since it has a highly functionalized cyclobutane ring [13]. 
In order to determine the scope of the reaction and to achieve a 
better understanding of its mechanism, a study of a series of furfuryl 
esters was undertaken [9, 10, 14]. Pyrolysis of furfuryl-a, a-dg 
benzoate (5) was studied, and it was determined by NMR analysis that 
the major product formed was methylenecyclobutenone-5,5-^ - On 
the basis of this observation, a mechanism for the conversion of furfuryl 
benzoate (1) to methylenecyclobutenone (2) was proposed. This proposed 
mechanism involves two [3,3] migrations followed by alpha elimination 
of benzoic acid to give carbene 6 which rearranges to form 
methylenecyclobutenone-5,5-^ (2-^2) [10], Scheme la. 
6 
Scheme la 
Additional support for this migration mechanism was obtained from the 
pyrolysis of 5-methylfurfuryl benzoate (7) [10], Scheme lb. Migration 
mechanisms were proposed to account for the products obtained from the 
FVP of 3-wethylfurfuryl benzoate (8), but direct 1,4-elimination 
mechanisms were not ruled out [14]. Pyrolysis of 8 at 640°C and 10"^ 
Torr formed as the major products 3-methyl-4-methylenecyclobutenone (9), 
and the head-to-head [4+4] dimer (10) of 2,3-bis(methylene)-2,3-
dihydrofuran (10a), Scheme II. 
An additional observation in the pyrolysis chemistry of furfuryl 
benzoate (1) was the formation of trans- and cis-penten-4-ynals (lia 
and lib) as minor products. A mechanism proposed to account for the 
7 
Scheme lb 
f\ S 
HoC ^  0^ CH«— OC —Ph 
[3,3] 
0=C 
H^C ^O^CHg 
[3,3] 
Ph^ 
" ""2 
7a 
Scheme II 
•PhCOOH 
8 
formation of  these minor products involves init ial  alpha el imination of 
benzoic acid to give carbene 12.  Evidence for the init ial  alpha 
a-elira. 
•PhCOOH 
l ib 11a 
el imination mechanism was obtained from the study of  the pyrolysis  
products from alpha-phenylfurfuryl  acetate (13) [15].  
)Ac 
13 
Ph 
FVP 
-CH COOH 
0 
HC-CH-CH-C=C-Ph 
14a and 14b 
CHPh 
15a and 15b 
9 
Pyrolysis of alpha-phenylfurfuryl acetate which was labeled with a 
deuterium atom on the alpha carbon was studied in order to obtain 
experimental evidence for the initial alpha elimination of acetic acid. 
Analysis of the deuterium content of the major products 14a and 14b 
obtained indicated that the mixture contained 54 +4% d^. These results 
suggested that 14 comes from initial alpha elimination of acetic acid as 
well as the migration mechanisms. Moreover, analysis of the deuterium 
content of the phenyl-substituted methylenecyclobutenones (15a and 15b) 
indicated that the mixture contained 75% , which also indicated that 
15 comes from initial alpha elimination of acetic acid as well as the 
migration mechanisms. 
Initially, there were several goals for this project. The first 
goal was to determine if there is a significant difference between the 
pyrolysis products from furfuryl acetate (3) and furfuryl benzoate (1). 
The pyrolysis chemistry of furfuryl acetate (3) and furfuryl benzoate 
(1) was studied over a wide range of pyrolysis temperatures in order to 
attain this goal. 
The second goal was to determine what the other minor products were 
in order to better define the pyrolysis chemistry of furfuryl acetate (3) 
and furfuryl benzoate (1). The third goal was to gain more information 
about the pathways for the conversion of furfuryl benzoate (1) to 
methylenecyclobutenone (2) and other minor products by carrying out a 
deuterium-labeling study of the pyrolysis products from deuterated 
furfuryl benzoates which would be more extensive and detailed than the 
earlier deuterium-labeling study. It was planned to study the pyrolysis 
10 
a CD 2" 0 — C — Ph 
I w 0 II 
Q CH^O-C —?h 
16 
0 II 
, CHg-O-C -Ph 
17 
products from furfuryl-5-^^ benzoate (16), and furfuryl-3-^^ benzoate 
(17) in addition to furfuryl-a, benzoate (5), and to do more 
complete and accurate analysis of the deuterium content of the products. 
The percent contribution of the initial alpha elimination of the 
benzoic acid mechanism (route A), the single [3,3] migration followed 
by alpha elimination of benzoic acid mechanism (route B), and the two 
[3,3] migrations followed by alpha elimination of benzoic acid 
mechanism (route C) could be determined by the determination of the 
deuterium atom content of the pyrolysis products from the FVP of 
furfuryl-a, a-dg benzoate (5), furfuryl-3-d^ benzoate (17), and 
furfuryl-B-d-j benzoate (16), respectively. These mechanisms are 
presented in Scheme III. 
Scheme III 
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RESULTS 
Pyrolysis of Furfuryl Acetate (3) 
The pyrolysis of furfuryl acetate (3) (Aldrich Chemical Company) 
was studied at two temperature ranges, 640-700°C and 74n-uOO°C, using 
the method previously reported [15]. At the lower temperature range 
(640-700°C), the major product formed was methylenecyclobutenone (2) 
along with a fair yield of the dimer of cyclopentadienone (4) and 
vinylacetylene (21). At the higher temperature range (740-800°C), the 
major product formed was vinylacetylene (21) along with a fair yield of 
the dimer of cyclopentadienone (4) and trace amounts of 
methylenecyclobutenone (2). At either temperature range, trace amounts, 
less than 0.5% each, of cis- and trans-penten-4-ynals (lia and lib) were 
formed; these products were not fully characterized in this study. 
CHo-O-C-CH, 
HgC^CH-C^C-H 
21 
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The structure of vinyl acetylene (21) was indicated by its spectral 
properties. A gas chromatograph/mass spectral analysis (GLC/MS) gave a 
peak consistent with a molecular formula C^H^. The IR and NMR 
spectra were consistent with previously reported spectral data [16-18]. 
The structure of methylenecyclobutenone (2) was also indicated by 
its spectral properties. GLC/MS analysis indicated a parent ion at 
m/e 80 corresponding to a molecular formula of CgH^O. The NMR 
chemical shifts were consistent with those previously reported for 2 
[9, 10]. The IR spectrum indicated a peak at 1787 cm"^ which is 
consistent with the carbonyl absorption previously reported for 2 
(1783 cm'T) [9, 10]. 
The structure of the dimer of cyclopentadienone (4) was also 
indicated by its spectral properties. The IR showed two strong 
absorptions at 1795 and 1700 cm"^ which were consistent with the 
previously reported spectral data [19-21]. Further proof of the 
structure of the dimer was obtained by comparing it to a sample prepared 
by an independent route [22]. 
The minor products were identified by their GLC retention times 
and GLC/MS analysis. The products 11a and lib were previously obtained 
as minor products in the pyrolysis of furfuryl benzoate (1) [9, 10, 14]. 
The product yields from the pyrolysis of furfuryl acetate (3) at the 
two temperature ranges were determined by NMR analysis using 
1,2-dibromoethane as an internal standard and are presented in Tables la 
and lb. 
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Table la. Products and yields from pyrolysis of furfuryl acetate 
(3) at 640-700°C 
Pyrolysis conditions^ Products and yields Recovered 
Temperature, 
Oven 
°C 
Head 
Pressure 
X 10^ Torr 2 21 
starting , 
material, % 
640 70 1 . 3  3 1 . 3  2 . 0  5 . 2  
650 7 0  1 . 3  3 7 . 3  2 . 0  6 . 2  
660 7 0  1 . 2  4 0 . 3  3 . 0  9.9 
680 7 0  1 . 3  4 1 . 3  4 . 5  1 0 . 8  
700 7 0  1 . 3  4 1 . 0  5 . 8  11.6 
^Pyrolysis tube was packed with quartz chips. 
'^Yields were determined using 1,2-dibromoethane as internal 
standard and are based on two or more runs. 
^Yields are based on samples of the dimer obtained from the 
condenser cooled with dry ice/2-propanol slurry (Figure 1, Region B). 
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Table lb. Products and yields from pyrolysis of furfuryl acetate (3) 
from 740-800°C 
Pyrolysis conditions^ Products and yields Recovered 
Temperature, °C starting . 
Oven Head Pressure „ .c material, % 
X 104 Torr £ tl ! 
749 150 1.0 < 1 29.6 11.7 
750 60 1.2 < 2 38.0 12.2 
760 70 1.3 < 1 37.9 12.3 
760 100 1.3 < 1 38.2 12.5 
800 70 1.2 < 1 40.4 9.9 
^Pyrolysis tube was packed with quartz chips. 
'^Yields were determined by NMR spectroscopy using benzyl ether or 
1,2-dibromoethane as internal standard and are based on two or more runs. 
^Yields are based on samples of the dimer obtained from the 
condenser cooled with dry ice/2-propanol slurry (Figure 1, Region B). 
Sample 
Compartment 
Solvent 
or 
Reagent 
Furnace 
Region B 
Region C 
Figure 1. 
Region A 
Roughing 
Pump Diffusion 
Pump 
Liquid 
Nitrogen 
Trap 
W 
Trap 
'c diagram of the pyrolysis apparatus 
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Pyrolysis of Furfuryl Benzoate (1) 
Furfuryl benzoate (1) was prepared by reducing 2-furoic acid (22) 
with lithium aluminum hydride (LAH) to furfuryl alcohol (23) which was 
esterified with benzoyl chloride in the presence of triethylamine. The 
pyrolysis of 1 was studied at two temperature ranges, 640-700°C and 
740-800°C. At the lower temperature range, the major product formed 
was methylenecyclobutenone (2) along with a fair yield of the dimer of 
cyclopentadienone (4) and vinyl acetylene (21). At the higher 
temperature range, the major product formed was vinyl acetylene (21) along 
with a fair yield of the dimer of cyclopentadienone (4) and trace amounts 
of methylenecyclobutenone (2). At either temperature range, the cis-
and trans-penten-4-ynals (lia and lib) were formed in less than 0.5%. 
The structures of the major products were identified by their spectral 
properties, GLC/MS, IR, and NMR, and were identical to the samples 
previously described from the pyrolysis of furfuryl acetate (3). The 
•PhCOGH 
HgC-CH-C5C-H 
•  21 
H-C-CH—CH — C=C - H 
lia and lib 
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products and yields from the pyrolysis of furfuryl benzoate (1) at 
both temperature ranges were determined by NMR analysis using benzyl 
ether as an internal standard and are presented in Tables 2a and 2b. 
Table 2a. Products and yields from pyrolysis of furfuryl benzoate (1) 
from 640-700°C 
Pyrolysis conditions Products and yields Recovered 
Temperature, °C starting , 
Oven Head Pressure , ,c material, % 
X 104 Torr ~ £1 Z 
640 7 0  1 . 3  4 1 . 3  9 . 0  5 . 3 5  7 . 0 1  
650 7 0  1 . 3  3 9 . 5  8 . 5  4 . 3 1  6 . 1 0  
660 7 0  1 . 4  3 8 . 2  9 . 6  6 . 4 0  5 . 4 8  
680 7 0  1 . 4  20.8 2 1 . 9  1 1 . 4 0  
700 7 0  1 . 4  1 7 . 2  2 3 . 8  1 2 . 6 0  
^Pyrolysis tube was packed. 
^Yields were determined by NMR spectroscopy using benzyl ether as 
internal standard, and are based on two or more runs. 
^Yields were based on samples of 4 obtained by isolation from 
benzoic acid found in the condenser cooled with dry ice/2-propanol 
slurry (Figure 1, Region B). 
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Table 2b. Products and yields from pyrolysis of furfuryl benzoate (1) 
from 740-800°C 
Pyrolysis conditions^ Products and yields Recovered 
Temperature, °C starting . 
Oven Head Pressure r, r,-, .c material, % 
X 104 Torr t  t i  Z  
749 70 1.2 < 2 37.4 5.1 
750 100 1.0 < 2 26.6 11.7 
760 70 1.0 < 2 40.4 9.9 — 
760 70 300.0^ < 2 30.4 4.5 • 
800 70 1.0 < 2 42.2 8.2 — 
^Pyrolysis tube was packed with quartz chips. 
^Yields were determined by NMR spectroscopy using 1,2-dibromoethane 
as internal standard. 
^Yields were based on sample of 4 obtained by isolation from 
benzoic acid found in the condenser cooled with dry ice/2-propanol 
(Figure 1, Region B). 
"^Only the roughing pump was used. 
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Pyrolysis of Methylenecyclobutenone (2) 
Methylenecyclobutenone (2) was dissolved in 0.5 mL of a high 
boiling solvent, diphenyl ether, and was pyrolyzed at 700°C and ca. 10"^ 
Torr. The major products formed at this temperature were vinyl acetylene 
(21) along with the dimer of cyclopentadienone (4) and compound 2. The 
products and yields from the FVP of 2 were determined by NMR analysis 
using 1,2-dibromoethane as internal standard and are presented in 
Table 3. 
Table 3. Products and yields from the FVP of methylenecyclobutenone (2) 
at 700°C 
Pyrolysis conditions^ Products and yields 
Temperature, °C 7P 
Oven Head Pressure . <,c 
X 104 Torr 
700 35 1.2 24.5 20.75 24.4 
^Pyrolysis tube was packed with quartz chips. 
^Yields were determined by NMR spectroscopy using 1,2-
dibromoethane as internal standard, and are based on two runs. 
^The methylenecyclobutenone was dissolved in diphenyl ether as a 
high boiling solvent. 
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Synthesis of Deuterated Furfuryl Benzoates 
The deuterated furfuryl benzoates, furfuryl-a, a-^ benzoate (5), 
furfuryl-5-^1 benzoate (16), and furfuryl-3-_d^ benzoate (17) used in 
this project were prepared according to the procedures outlined in 
Scheme IV. 
The synthesis of furfuryl-a, benzoate (5) was effected in two 
steps: 1) reduction of 2-furoic acid (22) with lithium aluminum 
deuteride (LAD) to the alcohol 24 and 2) esterification of the alcohol 
with benzoyl chloride in the presence of tri ethyl amine. Analysis of the 
percent deuterium incorporated into the ester was obtained by 
quantitation of the parent peak (M"*") of the mass spectrum of the ester 
at ionization energy at 20 eV (Figure 2) and comparing it to the 
intensity of the parent peak (M^) of the non-deuterated furfuryl 
benzoate (1) (Figure 3). The deuterated ester was found to contain 
0.44% dg, 1.72% d], and 97.3% ^ (Tables 4 and 5). 
Synthesis of furfuryl-S-d-j benzoate was also carried out in three 
steps: 1) conversion of 2-furoic acid (22) to the deuterated acid 25 by 
treating the 22 with two equivalents of n^-BuLi/-78°C followed by 
addition of deuterium oxide, 2) reduction of the acid 25 with lithium 
aluminum hydride to the alcohol 26, and 3) esterification of the alcohol 
with benzoyl chloride in the presence of tri ethyl ami ne. Analysis of 
the deuterium incorporated in the ester was determined by GLC/MS analysis 
to be 22.7% 73.5% dp and 3.8% ^ (Figures 3 and 4 and Tables 5 and 
6 ) .  
Scheme IV ^ 
LAT Ph-C-Cl 
p. -COOH " /-Cr^OH > 
22 . 24 "S" 
f\ ' I!-BuLi/-78 C ^  I.AH /T^ 
^Q .'^COOH > D ^XQ^^COOH > D 
^2° o. / 26 
^0 
27 
CHgOH 
Br 1) LDA/ -78°C n—{^^ ^ n-BuLi 
-> 0- . c o o n " - ^  
2 )  c o y  2 8  " - A H  
> Vq.^-COOH > CHgOH 
Ph- C - CI 
Et.N 
ro 
22 - 25 / 0 -jy^  II 
1 6  P h - C - C l  
23 
83.0 
55 . 1  
77.0 
71.1 
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Figure 2. GLC/MS (20 eV) of furfuryl-a, a-dg benzoate (5) in 
ethyl ether 
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Figure 3. GLC/MS (20 eV) of furfuryl benzoate (1) in ethyl 
ether 
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Table 4. Mass spectral data for non-deuterated furfuryl benzoate (1) 
and furfuryl-a, a-dg benzoate (5) 
m/e Peak intensity 
of non-deuterated 
furfuryl benzoate (1) 
Peak 
intensity 
of 5 
Calculated peaks 
^1 ^2 -3 
201 0.01 0.01 
202 100.00 0.45 0.45 
203 12.60 1.81 .06 1.75 
204 1.20 100.00 0.22 99.8 
205 0.04 13.20 12.6 0.62 
206 1.19 
207 0.04 
®Ionization voltage was 20 eV. 
Table 5. Summary of mass spectral data for the furfuryl benzoates 
furfuryl-a, a-^ benzoate (5), furfuryl-5-^-, benzoate (16), 
and furfuryl-3^1 benzoate (l7) 
Compounds Deuterium incorporated, 
^1 ^3 
5 0.44 1.7 97.3 - -
16 22.7 73.5 3.8 
17 20 .2  77.0 2.8 
iz' 23 75.0 2 .0  
^Calculations are based on the data from Tables 4, 6, and 7a. 
'^Calculation is based on the data in Table 7b. 
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Figure 4. GLC/MS (20 eV) of furfuryl-B-d., benzoate (16) in ethyl 
ether 
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Table 6. Mass spectral data for non-deutrated furfuryl benzoate (1) 
and furfuryl-S-d-j benzoate (16) 
m/e Peak intensity Peak intensity Calculated peaks 
of 1® of 16a d d 
Non-deuterated Deuterated sample -0 -1 -2 —3 
sample 
200 0.02 0.01 
201 0.01 0.02 
202 100.00 29.70 29.70 
203 12.60 100.00 3.70 96.3 
204 1.20 17.10 12.1 5, .0 
205 0.04 1.66 0, ,6 
206 — 0.06 
^Ionization voltage was 20 eV. 
The synthesis of furfuryl-3-d-j benzoate (17) was accomplished in 
four steps: 1) conversion of 3-bromofuran (27) to the acid 28 by 
treating the bromofuran with one equivalent of lithium diisopropylamide 
(IDA) at -78°C followed by addition of carbon dioxide, 2) conversion of 
acid 28 to furoic acid-3-d^ by treating the acid with two equivalents 
of n-BuLi/-78°C followed by addition of deuterium oxide, 3) lithium 
aluminum hydride reduction of the deuterated acid to the alcohol 29a, 
and 4) esterification of the alcohol with benzoyl chloride in the 
presence of triethylamine. Analysis of the percent deuterium incorporated 
was determined by GLC/MS analysis: 20.2% 77.0% and 2.8% ^ 
(Figure 5, Tables 5 and 7a). 
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Figure 5. GLC/MS (20 eV) of furfuryl-3-_d, benzoate (17) in 
ethyl ether 
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Table 7a. Mass spectral data for non-deutrated furfuryl benzoate (1) 
and furfuryl-3-^1 benzoate (17) 
m/e Peak intensity Peak intensity Calculated peaks 
of 1® of IZ® fi H H H 
non-deuterated deuterated sample -0-1 -2-3 
sample 
200 0.02 
201 0.01 
202 100.00 25.30 25.3 
203 12.60 100.00 3.19 96.8 
204 1.20 15.80 12.2 3.57 
205 0.04 1.75 0.45 1.30 
206 0.13 0.16 
^Ionization voltage was 20 eV. 
Pyrolysis of Furfuryl-a, a-^ Benzoate (5) 
The pyrolysis of furfuryl-a, a-^ benzoate (5) was studied at two 
temperature ranges, 640-700°C and 740-800°C, using the method previously 
described. At the low temperature range, the major product formed was 
methylenecyclobutenone-5,5-^ along with a fair yield of the 
dimer of cyclopentadienone (4) and trace amounts of vinyl acetylene 
(21-d2). The percent yield of these three main products from the FVP of 
5 were identical to the corresponding percent yield of the three 
non-deuterated products formed from the FVP of furfuryl benzoate (1) 
which is presented in Table 2a. At the high temperature range 
(740-800°C), the major product formed was vinyl acetylene (Zl-dg) along 
29b 
Table 7b. Mass spectral data for non-deuterated furfuryl benzoate (1) 
and furfuryl-3-^^ benzoate (17) 
m/e Peak intensity Peak intensity Calculated peaks 
non-deuterated deuterated , , , 
sample 1 sample 17 -0 -1 -2 
200 .02 
201 .01 - -
202 100 29.9 29.9 
203 12.60 100 3.8 96 
204 1.20 14.7 12 
205 .04 1.5 
^Ionization energy was at 20 eV. 
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with a fair yield of the dimer of cyclopentadienone (4) and trace amounts 
of methylenecyclobutenone-5,5-d2 (2-^). These results were similar to 
those observed in the pyrolysis of furfuryl benzoate (1) at the high 
temperature which are presented in Table 2b. 
The structure of methyl enecycl obutenone-5,5-^2 (2-^) was indicated 
by its spectral properties. A gas chromatography/mass spectral analysis 
(GLC/MS) gave a peak at 82.0 consistent with a molecular formula of 
CgDgHgO. The NMR showed only two strong absorptions at 6 8.65 and 
6.98 for the ring protons which is consistent with a result previously 
reported for 2-^2 obtained from the FVP of furfuryl-a, benzoate (5) 
[10]. The percent deuterium content of the methyl enecyclobutenone-5,5-^2 
(Z-dg) obtained by the FVP of (5) at the low temperatures (640-700°C) 
was determined by GLC/MS analysis to be 0.57% 9.37% and 90.1% ^ 
(Tables 8 and 9). Similar GLC/MS analysis of the methy1enecyclobutenone-
5,5-^2 (2-^) obtained at the high temperatures (740-800°C) indicated it 
to be 1.09% 8,8% and 90.1% ^ (Tables 10 and 11). 
The structure of vinyl acetylene (21-^) was indicated by its 
spectral properties. A gas chromatograph/mass spectral analysis (GLC/MS) 
gave a peak at 54.0 consistent with a molecular formula of C^D2H2. The 
NMR showed only one single peak at 6 2.88 (C=C-H). The IR spectrum 
was consistent with previously reported values for the non-deuterated 
sample as presented in the Experimental Section [15-17]. The percent 
deuterium content for 21-^2 obtained at the low temperatures (640-700°C) 
as determined by GLC/MS analysis was found to be ca. 100% ^ (Tables 12 
and 13). GLC/MS analysis for percent deuterium content for 21-^ 
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Table 8, GLC/MS data for methylenecyclobutenone (2) and methyl enecylo-
fautenone-5,5-^ (2-^) obtained by the FVP of furfuryl-a, a-d? 
benzoate (5) at 640-700°C 
m/e Peak intensity 
non-deuterated 
sample 2& 
Peak intensity 
deuterated 
sample 2-^® 
Calculated peaks 
^ -1 ^2 
79 0.07 
80 100.00 0.63 0.63 
81 7.21 10.31 0.045 10.30 
82 0.12 lOO.OO 0.74 99.2 
83 5.26 7.16 
84 0.12 
^Ionization energy was 20 eV. 
Table 9. Summary of GLC/MS data for percentage deuterium content of 
methylenecyclobutenone (2) obtained by the FVP of furfuryl 
benzoates 5, furfuryl-5-di benzoate (16), and furfuryl-3-d, 
benzoate (17) at 640-700°C and ca. 10"^ Torr 
Compound Position and Calcd. 1 deuterium Calc. % loss 
amount deuterium content for 2 of deuterium^ 
in compound d d d d 
-1 -2 -3 
5 a-gO-dg 0.57 9.37 90.1 7. 4 
16 5-d^ 85.5 13.9 0.6 81.1 
17 CO
 
1 25.0 75 -- 2.6 
^Percentage loss of deuterium is based on deuterium content of 
starting furfuryl benzoates. 
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Table 10. GLC/MS data for methylenecyclobutenone (2) and methylenecyclo-
butenone-5,5-^ (2-^) obtained by the FVP of furfuryl-a, a-^ 
benzoate (5) at 740-800°C 
m/e Peak intensity 
non-deuterated 
sample 2^ 
Peak intensity 
deuterated 
sample 2-^a 
Calculated peaks 
^ dl 4 
79 0.07 
80 100.00 1.21 1.21 
81 7.21 9.76 0.087 9.68 
82 0.12 100.00 0.698 99.30 
83 5.51 7.16 
84 0.33 
^Ionization energy was 20 eV. 
Table 11. Summary of GLC/MS data for percentage deuterium content of 
methylenecyclobutenone (2) obtained by the FVP of furfuryl 
benzoates 5, furfuryl-5-3-] benzoate (16), and furfuryl-3-^, 
benzoate (17) at 740-800°è and ca^. 10"' Torr 
Compound Position and 
amount deuterium 
Calcd. deuterium 
content for 2 
Calcd. % loss 
of deuterium® 
in compound 
A ^ -3 
5 ot- ,a-d2 1.09 8.80 90.1 7.4 
16 5-di 86.6 12.8 .6 82.6 
17 3-d^ 25.7 74.3 — — 3.5 
^Percentage loss of deuterium is based on deuterium content of 
starting furfuryl benzoates. 
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Table 12. GLC/MS spectral data for vinyl acetylene (21-do) obtained from 
the pyrolysis of furfuryl-a, a-dg benzoate at 640-700"C 
m/e Peak intensity® 
non-deuterated 
sample 21 
Peak intensity® 
deuterated 
sample 21-^ 
Calculated peaks'^ 
-1 -2 -3 
50 7.17 - -
51 16.50 — 
52 100.00 3.93 0 
53 4.06 16.20 0 
54 100.00 98 
55 5.16 0 
56 2.50 
57 0.49 
^Ionization energy was 20 eV. 
^Calculations are based on the method presented in the Experimental 
Section. 
33b 
Table 13. Summary of GLC/MS data for percentage content of vinyl-
acetylene (21) obtained by the FVP of furfuryl benzoates 5, 
furfuryl-5-âi benzoate (lé), and furfuryl-3-d, benzoate (17) 
at 640-700°C and ca. 10"' Terr ' 
Compound Position and 
amount deuterium 
in compound 
4) 
Calcd. 
content 
d-l 
deuterium 
for 2 
I2 ^3 
Calcd. % loss 
of deuterium® 
5 a-, a-dg 100 0 
16 5-d, 63 34 3 54 
17 3-d, b 56 41 3 45 
^Percentage loss of deuterium is based on deuterium content of 
starting furfuryl benzoates. 
^The data presented here are based on furfuryl-3-^-] benzoate (17) 
with 23% dq, 75% and 2% dg (Tables 5 and 7b). 
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obtained at the high temperatures {740-800°C) were also found to be 
ca. 100% dg (Tables 14 and 15). 
Pyrolysis of Furfuryl-5-^-j Benzoate (16) 
The pyrolysis of furfuryl-5-^^ benzoate (16) was studied at two 
temperature ranges, 640-700°C and 740-800°C, in the usual manner. At 
the lower temperature range, the percent yield of the three main products 
methylenecyclobutenone (2), vinyl acetylene (21), and the dimer of 
cyclopentadienone (4) were similar to the percent yield of these three 
main products obtained from the FVP of furfuryl benzoate (1). (See 
Table 2a.) For methylenecyclobutenone (2) obtained from the FVP of 16 at 
the lower temperature range, the percent deuterium content as determined 
by GLC/MS analysis was found to be: 85.5% 13.9% d-j, and 0.6% dg 
(Tables 9 and 16). The percent deuterium content for 2 obtained at 
higher temperature range which was calculated from GLC/MS analysis 
indicated it to contain: 86.6% 12.8% dp and 0.6% ^ (Tables 11 and 
17). For vinyl acetylene (21) obtained at the lower temperature range, 
GLC/MS analysis indicated the deuterium content to be: 63% 
34% and 3% ^ (Tables 13 and 18). For 21 obtained at the higher 
temperature, GLC/MS analysis indicated the deuterium content to be: 
62% 36% ^-j, and 2% (Tables 15 and 19). 
Pyrolysis of Furfuryl-3-^^ Benzoate (17) 
The pyrolysis of furfuryl-3-^-j benzoate (17) was studied at two 
temperature ranges, 640-700°C and 740-800°C, in the manner previously 
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Table 14. GLC/MS spectral data for vinyl acetylene (21^-^) obtained from 
the pyrolysis of furfuryl-a, a-dg benzoate~(^ at 740-800°C 
m/e Peak intensity 
non-deuterated 
sample 21 
Peak intensity® 
deuterated 
sample 21-^ 
Calculated oeaks^ 
do É]  ^ ^3 
50 7.17 
51 16.50 2.96 
52 100.00 4.97 
- -
53 4.06 16.22 
54 100 98 
55 10 
56 
®Ionization energy was 20 eV. 
^Calculations are based on the method presented in the Experimental 
Section. 
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Table 15. Summary of GLC/MS data for percentage deuterium content of 
vinylacetylene (21) obtained by the FVP of furfuryl benzoates 
5, furfuryl-5-^1 benzoate (16), and furfuryl-3-^-, benzoate 
(17) at 740-800*6 and ça.. lÔ"^ Torr ' 
Compound Position and Calcd. deuterium Calcd. % loss 
amount deuterium content for 2 of deuterium® 
in compound H H H % -1 -3 
5 a-,a-^2 100 0 
16 S-d-, 62 36 2 51 
17 3-d^b 44 54 2 30 
^Percentage loss of deuterium is based on deuterium content of 
starting furfuryl benzoates, 
^Calculations are based on the method presented in the Experimental 
Section. 
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Table 16. GLC/MS data for methylenecyclobutenone (2) obtained from the 
pyrolysis of furfuryl-5-d^ benzoate (16)~at 640-700°C 
m/e Peak intensity Peak intensity Calculated peaks 
non-deuterated deuterated , , , 
sample 2a sample 2^ % -1 ^ 
79 0.07 0.14 
80 100.00 100.00 100.00 
81 7.21 23.50 7.21 16.3 
82 0.12 1.87 1.18 0.70 
83 
^Ionization energy was 20 eV. 
Table 17. GLC/MS data for methylenecyclobutenone (2) obtained from the 
pyrolysis of furfuryl-5-^^ benzoate (16)"at 740-800°C 
m/e Peak intensity Peak intensity Calculated peaks 
non-deuterated deuterated , , , 
sample 2^ sample 2^ -0 -1 -2 
79 0.07 1.59 
80 100.00 100.00 100.00 
81 7.21 22.00 7.21 14.79 
82 0.12 1.76 1.07 .69 
83 0.04 
84 
®Ionization energy was 20 eV. 
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Table 18. GLC/MS spectral data for vinyl acetylene (2%) obtained from the 
FVP of furfuryl-5-^1 benzoate (16) at 640-700°C and ca. 
10-4 Torr - ~ 
m/e Peak intensity 
non-deuterated 
sample 
Peak intensity® 
deuterated 
sample 
Calculated peaks'^ 
il ^ I3 
50 7.17 3.71 
51 16.50 6.58 
52 100.00 100.00 92 
53 4.06 53.30 50 
54 0.15 5.65 4.0 
55 2.41 
^Ionization energy was 20 eV. 
'^Calculations are based on the method described in the Experimental 
Section. 
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Table 19. GLC/MS data for vinylacetylene (21) obtained by FVP of 
furfuryl-S-d-j benzoate (16) at 740-800°C and ca. 10"^ Torr 
m/e Peak intensity 
non-deuterated 
sample 
Peak intensity® 
deuterated 
sample 4, 
Calculated peaks^ 
d-, dg dg 
50 7.17 4.06 
51 16.10 8.00 
52 lOO.OO 100.00 91 
53 4.06 55.90 52 
54 0.15 5.29 2.11 3 
55 2.19 
^Ionization energy was 20 eV, 
^Calculations are based on the method described in the Experimental 
Section. 
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described. For methylenecyclobutenone (2) at the lower temperature 
range, GLC/MS analysis indicated the percent deuterium content to be: 
25.0% dg, 75.0% (Tables 9 and 20). For 2 obtained at the higher 
temperature range, GLC/MS analysis showed that it contained: 25.7% 
and 74.3% _d-j (Tables 11 and 21). For vinylacetylene, GLC/MS analysis 
indicated the deuterium content to be: 80% 17% d-j, and 3% dg at 
the lower temperature range (Tables 13 and 22). GLC/MS analysis for 
the vinylacetylene (21) at the higher temperature range from the FVP 
of 17 indicated the deuterium content to be: 44% 54% d-j, and 
2% ^2 (Tables 15 and 23). The deuterium content of the dimer of 
cyclopentadienone (4) was not obtained because the dimer was not 
obtained in sufficient quantity to be analyzed. However, the deuterium 
content of the dimer of cyclopentadienone (4) from the FVP of 
furfuryl-a, benzoate (5) at the low temperature range and 
furfuryl-5-^^ benzoate (17) at the high temperature range was obtained 
and is presented in Tables 24 and 25. 
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Table 20. GLC/MS data for methylenecyclobutenone obtained from the 
pyrolysis of furfuryl-3-d-j benzoate (17) at 640-700°C 
m/e Peak intensity Peak intensity Calculated peaks 
non-deuterated deuterated , , , 
sample 2^ sample 2^ % -1 ^ 
79 0.07 --
80 100.00 32.60 32.60 
81 7.21 100.00 2.35 97.7 
82 0.12 5.77 7.05 
83 0.00 0.43 
^Ionization energy was 20 eV. 
Table 21. GLC/MS data for methylenecyclobutenone obtained from the 
pyrolysis of furfuryl-3-dj benzoate (17) at 740-800°C 
m/e Peak intensity 
non-deuterated 
sample 2^ 
Peak intensity 
deuterated 
sample 2^ do 
Calculated peaks 
dl 
-2 
79 0.07 
80 100.00 33.80 33.8 
81 7.21 100.00 2.35 97.6 
82 0.12 5.90 7.0 
83 0.00 0.38 
^Ionization energy was 20 eV. 
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Table 22. GLC/MS data for vinyl acetylene (21_) obtained from the FVP of 
furfuryl-3-d^ benzoate (17) at 640-700°C and ca. 10-4 Torr 
m/e Peak intensity^ 
non-deuterated 
sample 
Peak intensity 
deuterated 
sample 4, 
Calculated peaks^ 
-1 ^ -3 
50 7.17 — — 
51 16.50 9.78 
52 100.00 100 89 
53 4.06 69 65 
54 0.15 6.6 3 
55 - - 4.8 
56 
—  -
^Ionization energy was 20 eV. 
^The data presented here are based on the FVP of 17 with 23% 
75% d-j and 3% ^ (Tables 5 and 7a), 
^Calculations are based on the method described in the Experimental 
Section. 
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Table 23. GLC/MS data for vinyl acetylene (21) obtained from the FVP of 
furfuryl-3-d^ benzoate (17) at 74Ô-800°C and ca. 10-4 Torr 
m/e Peak intensity® 
non-deuterated 
sample 
Peak intensity® 
deuterated 
sample 
Calculated peaksb 
Ëo 11 ^2 -3 
50 7.17 — 
51 16.50 8.93 
52 100.00 94.00 78.00 
53 4.06 100.00 96 
54 0.16 7.69 
55 4.0 
56 --
^Ionization energy was 20 eV. 
'^Calculations are based on the method described in the 
Experimental Section. 
Table 24a. Summary of GLC/MS data for percentage deuterium content of the dimer of 
cyclopentadienone (4) obtained by the FVP of furfuryl-a, a-^ benzoate (5), 
furfuryl-5-di benzoate (16), and furfuryl-3-d-, benzoate (17) at 640-700°C 
and ca. 10-^ Torr 
Compound Position and 
amount deuterium 
Calcd. 
of 
deuterium 
the dimer^ 
content Calcd. % loss 
of deuterium 
in compound 
A 4 ^3 
5 a,a-^2 
5 -d^^  
7 11 29 60 23 
17 3-di^ 
®The calculation is based on the loss of two molecules of carbon monoxide from the dimer. 
'^Sample calculations were not obtained. 
^Samples of the dimer 4 were not obtained in sufficient quantity to be analyzed. 
42b 
Table 24b. GLC/MS data for the dimer of cyclopentadienone (â) obtained 
from the FVP of furfuryl-a, a-do benzoate (5) at 640-700°C 
and ca^. 10-4 Torr 
m/e Peak intensity 
non-dGuterated 
sample 
Peak intensity 
deuterated 
sample 
Calculated peaks'^ 
4) -1  ^ -3 
102 — --
103 13.3 
104 100 1.3 - -
105 11.4 8.0 7 
106 .08 17.0 11 
107 - - 58.0 45 
108 100.0 95 
109 9.0 
^Calculations are based on the loss of two molecules of carbon 
monoxide for the dimer. 
^Calculations are based on the method described in the Experimental 
Section. 
Table 25a. Summary of GLC/MS data for percentage deuterium content of the dimer of 
cyclopentadienone (4) obtained by the FVP of furfuryl-a, a-^ benzoate (5), 
furfuryl-S-i] benzoate (16), and furfuryl-3-^i benzoate (17) at 740-800°C 
and ca. 10-4 Torr 
Compound Position and 
amount deuterium 
Calcd. 
of 
deuterium content 
the dimer^ 
Calcd. % loss 
of deuterium 
in compound 
Ao dl 
-2 -3 4 
16 
17 
. b 
a,a-£2 
5-d^ 
S-d^'^ 
60 34 6 69.0 
^Calculations are based on a loss of two molecules of carbon monoxide from the dimer. 
'^Sample calculations were not obtained. 
^Samples of the dimer 4 were not obtained in sufficient quantity to be analyzed. 
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Table 25b. GLC/MS data for the dimer of cyclopentadienone obtained from 
the FVP of furfuryl-5-d-i benzoate (16) at 740-800°C and 
ca. 10-4 Torr 
m/e Peak intensity® Peak intensity® Calculated peaks^ 
non-deuterated deuterated , , . , 
sample sample -0 -1 -2 -3 
102 — - .6 
103 13.3 9.8 
104 ICQ 100 
105 11.4 65.4 
106 .08 14.6 
107 1.6 
93 
52 
^Ionization energy was at 20 eV. 
^Calculations are based on a loss of two molecules of carbon 
monoxide from the dimer and on a method presented in the Experimental 
Section. 
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DISCUSSION 
Pyrolysis of Furfuryl Benzoate (1) and Furfuryl Acetate (3) 
It had been previously established that a fair yield of the dimer 
of cyclopentadienone (4) [10] was formed from the flash vacuum pyrolysis 
of furfuryl acetate (3) at various pyrolysis temperatures along with 
a moderate yield of methylenecyc1obutenone (2) and other minor products 
(Tables la and lb). We have found that the corresponding FVP of furfuryl 
benzoate (1^) at various pyrolysis temperatures also gives a fair yield 
of the dimer of cyclopentadienone (4) along with a moderate yield of 
methylenecyclobutenone (2) with other minor products (Tables 2a and 2b). 
There is no appreciable difference in the pyrolysis products formed by 
the FVP of either furfuryl acetate (3) or furfuryl benzoate (1). 
A major difference in the two pyrolyses seems to be the trapping 
of the acid eliminated. In the FVP of furfuryl acetate (3), the acetic 
acid eliminated is trapped with the products in the liquid-nitrogen-
cooled trap, a disadvantage if one has acid sensitive products. However, 
the dimer of cyclopentadienone (4) is trapped as the sole product in 
the condenser cooled with a dry ice/2-propanol slurry (Figure 1, 
Region B). In the FVP of furfuryl benzoate (1), the benzoic acid is 
trapped in the condenser cooled with dry ice/2-propanol slurry. Thus, 
the pyrolysis products are trapped in the liquid-nitrogen-cooled trap in 
the absence of an acid, an advantage if the products trapped are acid 
sensitive. On the other hand, the dimer of cyclopentadienone (4) is 
trapped along with benzoic acid in the condenser cooled to ca^. -20°C and 
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must be separated from the benzoic by treatment with a base (i.e. sodium 
carbonate). 
Mechanistic Routes (A, B, and C) 
A two [3,3] migration mechanism (route C) was previously proposed 
for the conversion of furfuryl benzoate (1) to methylenecyclobutenone (2) 
[10]. In Scheme III, page 11, a set of mechanistic routes (A, B, and C) 
which accounts for the formation of the pyrolysis products from the FVP 
of furfuryl benzoate (1) is presented. Route A involves initial alpha 
elimination of benzoic acid to give carbene 12 which rearranges to form 
the observed products. Route B involves a single [3,3] migration followed 
by alpha elimination of benzoic acid to give carbene 18 which rearranges 
to form the observed products. Route C involves two [3,3] migrations 
followed by alpha elimination of benzoic to give carbene 6 which 
rearranges to form the observed pyrolysis products. The extent to which 
each of these routes contributes toward the formation of 
methylenecyclobutenone (2), vinyl acetylene (21), and the dimer of 
cyclopentadienone (4) can be calculated by GLC/MS analysis of the 
deuterium content of these products obtained from furfuryl-a, a-^ 
benzoate (5), furfuryl 3-^^ benzoate (17), and furfuryl-5-^^ benzoate 
( 1 6 ) .  
Mechanistic Route A 
Route A provides carbene 12 which undergoes rearrangement to form 
cis- and trans-penten-4-ynals (lia and lib). This rearrangement of 
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carbene 12 to lia and lib has literature precedent in the conversion of 
sodium tosylhydrazone (30) to 11a and lib by flash vacuum pyrolysis [23]. 
a I H 
T 
1? i 
Additional literature precedent for the formation of carbene 12 
with subsequent rearrangement to 11a and lib was observed in the FVP of 
alpha-phenylfurfuryl acetate (13) [15] to give cis- and trans-
benzy1idenecyclobutenone (15a and 15b) and cis- and trans-5-phenyl-
penten-4-ynals (14a and 14b). Analysis of the deuterium content of the 
major products 14a and 14b from the FVP of alpha-phenylfurfuryl benzoate 
(13) which was labeled with a deuterium atom on the alpha carbon 
indicated that these products were formed via route A. A major 
experimental observation in this study was the formation of 15a and 15b 
from the FVP of a mixture of 14a and 14b which suggests that phenyl-
substituted carbene 12 is converted to methylenecyclobutenones 15a and 
15b via 14a and 14b. 
(X, 
H 
30 
.N-N-Ts 
300°C^ 
H-C-CH=CH-C=C-H <-
0 
11 
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For the parent system, it was decided that the contribution of 
route A could be determined by GLC/MS analysis of the deuterium content 
of the pyrolysis products of the FVP of furfuryl-a, a-^ benzoate (5), 
a method which is more sensitive than NMR, the method used in the 
early study. Analysis of the d-j species found in these products would 
be a measure of the importance of route A. 
GLC/MS analysis of the methylenecyclobutenone-5,5-^ (E-dg) 
obtained from the pyrolysis of 5 at the low temperature range 
(640-700°C) indicated that it contained 0.57% 9.37% d^, and 90% 
This indicated that the percent contribution of route A for the low 
temperature range for the conversion of 5 to 2-^ is 4% (Table 9). 
Similar GLC/MS analysis of Z-dg obtained at the high temperature range 
(740-800°C) indicated that it contained 1.09% 8,8% d^ and 90.1% d^. 
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From these results the percent contribution of route A for this 
conversion at the high temperature range is calculated to be 7.4% 
(Table 11). 
GLC/MS analysis of vinyl acetylene (21-dg) obtained from the FVP of 
furfuryl-a, a-dg benzoate (5) at the low temperature range (640-700°C) 
indicated that it contained 100% This indicated that the percent 
contribution of route A for the conversion of 5 to 21-dm at the low 
temperature is 0% (Table 13). Similar GLC/MS analysis of 21 obtained 
at the high temperature (740-800°C) indicated that it contained 
ca. 100% dg. This indicated that the percent contribution of route A 
for the conversion of 5 to 21-^ at the high temperature range is 0% 
(Table 15). 
GLC/MS analysis of the dimer of cyclopentadienone (4) obtained 
from the FVP of 5 at the low temperature range (640-700°C) indicated 
that it contained 0% 7.0% 11% dg, 29% and 60% From 
these results, the percent contribution of route A is calculated to be 
23% (Table 24). GLC/MS analysis of 4 was not obtained at the high 
temperature range (740-800°C). 
Mechanistic Route B 
Route B provides carbene 18 which rearranges to form the observed 
pyrolysis products. Literature precedent for the formation of carbene 
18 was observed in the FVP of alpha-phenylfurfuryl acetate (13) [15] to 
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18 was observed in the FVP of alpha-phenylfurfuryl acetate (13) [15] to 
give azulene (37) and naphthalene (36) as shown in Scheme IV. The 
formation of naphthalene (36) and azulene (37) was explained by the 
formation of phenyl-substituted carbene 18, via route B, which 
rearranges to form intermediate 34. The intermediate 34 loses a 
molecule of carbon monoxide to form 35a and 35b which would rearrange 
to form naphthalene (36) and azulene (37). 
Support for a mechanism which is similar to route B was observed in 
the FVP of 3-furylmethyl benzoate (38) [24] to give vinyl acetylene (21) 
and methylenecyclobutenone (2) (Scheme V). The formation of 2 was 
explained by a [3,3] migration followed by alpha elimination of benzoate 
acid to give carbene 39 which undergoes ring contraction. The 
intermediate carbene 39 also loses a molecule of carbon monoxide to give 
40 which rearranges to give 21. 
The isomerization of an allylic ester via [3,3] sigmatropic shift 
of the carboxylate group is very well-documented [25-34] and in several 
systems, the initially formed [3,3] shift products have been isolated 
[25, 28-34]. 
For the parent system, it was decided that the contribution of 
route B could be determined by GLC/MS analysis of the deuterium content 
of the pyrolysis products formed from the FVP of furfuryl -3-id^ benzoate 
(17). GLC/MS analysis of methylenecyclobutenone (2) obtained from the 
pyrolysis of furfuryl-3-^-] benzoate (17) at the low temperature range 
(640-700°C) indicated that it contained 25.0% ^ and 75.0% This 
indicated that the percent contribution of route B for the conversion 
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of 17 to 2 at the low temperature is 2.6% (Table 9). Similar GLC/MS 
of 2 obtained at the high temperature range (740-800°C) indicated it 
contained 25.7% d-j and 74.3% d^. From these results, the percent 
contribution of route B for this conversion at high temperature range 
is calculated to be 3.5% (Table 11). 
GLC/MS analysis of vinyl acetylene (21) obtained from the FVP of 
furfuryl-3-d^ benzoate (17) at the low temperature range (640-700°C) 
indicated that it contained 56% 41%^-], and 3% From these 
results, the percent contribution of route B for this conversion at the 
low temperature range is calculated to be 45% (Table 13). Similar 
a-elim. 
H 
—CO \ 
^.C — C - CH, 
••P 
H 40 
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GLC/MS analysis of (21) obtained at the high temperature range 
(740-800°C) indicated that it contained 44% 54%^-], and 2% 
From these results, the percent contribution of route B in the conversion 
of 17 to 21 at the high temperature is calculated to be 30% (Table 15). 
GLC/MS analysis of the dimer of cyclopentadienone (4) was not 
obtained from the FVP of furfuryl-3-d^ benzoate (17) because the dimer 
was not obtained in sufficient quantity to be analyzed. 
Mechanistic Route C 
Route C provides carbene 6 which rearranges to form the pyrolysis 
products. This rearrangement of carbene 6 to methylenecyclobutenone 
(2) was the mechanism proposed in the early study to account for the 
conversion of furfuryl-a, a-dg benzoate (5) to methylenecyclobutenone-5, 
S-dg (2-^) [10]. Additional examples of route C involve the FVP of 
3-methylfurfuryl benzoate (42) to 3-methyl-4-methylenecyclobutenone (41) 
(Scheme VI), and FVP of 3-phenylfurfuryl benzoate (44) to 3-phenyl-4-
methylenecyclobutenone (47) [15] (Scheme VII). The formations of methyl 
and phenyl-substituted methylenecyclobutenones 41 and 47 were explained 
by the formation of carbenes 43 and 45, via route C, which undergo ring 
contractions. These two examples show that both 41 and 47 cannot be 
formed via route B since the 3-position is blocked by a methyl or phenyl 
substituent; however, the involvement of route A in the formations of 
these products cannot be ruled out. 
The formation of methylenecyclobutenone derivatives by a 1,2-alkyl 
shift or a ring contraction from carbenes 6, 43, or 45 has a literature 
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precedent in the conversion of benzoyloxylactone (48) to 50 [35]. 
For the parent system it was decided that the contribution of 
route C could be determined by GLC/MS analysis of the deuterium content 
of the pyrolysis products formed from the FVP of furfuryl 5-d^ benzoate 
GLC/MS analysis of methylenecyclobutenone (2) obtained from 
pyrolysis of furfuryl-5-d^ benzoate (16) at the low temperature range 
(640-700°C) indicated that it contained 85.5% 13.9% d^ and 0.6% 
From these results, the percent contribution of route C for this 
conversion at the low temperature range is calculated to be 81.0% 
(Table 9). Similar GLC/MS analysis of 2 obtained at the high 
temperature (740-800°C) indicated that it contained 86.6% 12.8% 
and 0.6% From these results, the percent contribution of route C 
for the conversion of 16 to 2 at the high temperature range is calculated 
to be 82.6% (Table 11). 
GLC/MS analysis of vinyl acetylene (21) obtained from the FVP of 
furfuryl-5-d^ benzoate (16) at the low temperature range (640-800°C) 
indicated that it contained 63% 34% and 3% dg. From these 
PhCOOH 
48 49 50 
( 1 6 ) .  
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results the percent contribution of route C in the conversion of 16 to 
21 at the low temperature range is calculated to be 54% (Table 13). 
Similar GLC/MS analysis of 21 obtained at the high temperature range 
(740-800°C) indicated that it contained 62.4% 35.6% and 2.03% dg. 
From these results, the percent contribution of route C in the 
conversion of 16 to 21 at the high temperature range is calculated to 
be 51.6% (Table 15). 
GLC/MS analysis of the dimer of cyclopentadienone (4) was not 
obtained from the FVP of 16 at the low temperature range (640-700°C). 
Similar GLC/MS analysis of 4 obtained at the high temperature range 
(740-800°C) indicated that it contained 60% 34% d-j and 6% From 
these results, the percent contribution of route C in the conversion of 
16 to 4 at the high temperature range is calculated to be 69% (Table 25). 
The formation of the dimer of cyclopentadienone (4) at either 
pyrolysis temperature (640-700°C or 740-800°C) from the FVP of furfuryl 
benzoate (1) or furfuryl acetate (3) is thought to come from 
cyclopentadienone (52) which is known to give the dimer 4 [36, 37]. 
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Isotope Effects 
The alpha elimination of benzoic acid resulting in the formation of 
carbenes 6, 12, and 18 could be affected by kinetic isotope effects 
resulting from replacing hydrogen with deuterium [38-40]. Although no 
measurement has been done for alpha elimination of hydrogen versus 
deuterium in the pyrolysis of furfuryl benzoate (1), k^/kg for beta 
elimination in the pyrolysis of acetates is estimated to have a value 
of 1.7 at 500°C [38]. If one assumes that there is no isotope effect 
(i.e. kj^/kp = 1.0) for the formation of the pyrolysis products from 
furfuryl-a, a-^ benzoate (5), furfuryl-5-^^ benzoate (16), and furfuryl 
3-d^ benzoate (17) and a given product comes from only the three routes 
presented (A, B, and C), then the percent contribution from all three 
routes for a given product should equal 100% (i.e. %A + %B + %C = 100). 
If there is an isotope effect of k^/kg (the same for all three routes), 
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0/A o/o o/r 
then . ,°. + •• • = %X, where %X is the total experimental 
Kh/KD K^/Kp K^/Kp 
percent contribution from all three mechanistic routes for a given 
product. From these assumptions, the isotope effect can be calculated 
for any given pyrolysis product from the expression k^/k^ = 100%/%X. 
For the formation of methylenecyclobutenone (2) at the lower 
temperature range (640-700°C), the experimental percent contribution (%X) 
from all three routes {%^ + %B + %C) was determined to be 91% (see 
summary in Table 9). Therefore, the isotope effect k^/kg is 
calculated to be 1.10 (i.e. 100%/91% = 1.10). For the formation of 
methylenecyclobutenone at the higher temperature range (740-800°C), the 
experimental percent contribution (%X) from all three routes was 
determined to be 93.5% (see Table 11). This gives an isotope effect 
k^/kp of 1.07 (i.3. 100%/93.5% = 1.07). 
Similarly, for the formation of vinylacetylene (21) at the lower 
temperature range, the experimental percent contribution (%X) from all 
three routes (%A + %B + %C) was determined to be 99.0% (see Table 13). 
This gives an isotope effect k^/k^ of 0.90% (i.e. 100%/99.0% =1.0). . 
For the formation of 21 at the higher temperature range, the experimental 
percent contribution (%X) from all three routes was determined to be 
81.7% (see Table 15). This gives an isotope effect k^/kg of 0.96 
(i.e. 100%/81.7% = 1.23). 
From all these results, the isotope effect was determined to be in 
the range of 1.0 to 1.2. These results support our assumption that the 
isotope effects in our reactions are small and therefore can be neglected. 
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Conclusions 
At the lower temperatures (640-700°C), the FVP of furfuryl benzoate 
(1) gave three main products, methylenecyclobutenone (2), vinyl acetylene 
(21), and the dimer of cyclopentadienone (4) (see Table 2a). The 
average yield of each of these pyrolysis products at the lower 
temperatures (640-700°C) were determined to be 31.4%, 14.4%, and 8.0%, 
respectively. By measuring the loss of deuterium from the deuterated 
furfuryl-a, a-^ benzoate (5), furfuryl-3-d-] benzoate (17), furfuryl-5-
^1 benzoate (16) by the FVP at the lower temperature (640-700°C), it 
has been possible to determine the percent contribution of each of the 
mechanistic routes (%A, %B, and %C) for the formation of each of the 
three main products, 2, 21, and 4. These results of the percent 
contribution of each of the three routes for each given pyrolysis product 
at lower temperatures (640-700°C) are presented in Table 9 (for 2), 
Table 13 (for 21), and Table 24 (for 4). By multiplying the average 
yield of any given pyrolysis product by the percent contribution of any 
given mechanistic route (A, B, or C), one obtains the relative yield 
of that product for a given mechanistic route. Thus for methylene-
cyclobutenone (2), the percent contribution of each of the three 
mechanistic routes (A, B, and C) at the lower temperature were determined 
to be 7.4%, 2.6%, and 81.0%, respectively (see Table 9). The 
relative yield of methylenecyclobutenone (2) from each mechanistic route 
(A, B, and C) is calculated to be 2.0%, 0.8%, and 25%, respectively. 
This is presented in Scheme VIII. For vinyl acetylene (21), the percent 
contribution of each of the mechanistic routes (A, B, and C) at the 
Scheme VIII 
II / 
Ph-C-0 
a —elim. 
n  
B a —elim. 
8% 
N/ 
O^ C - H  0 
1? 
\ 0^ CH, 
18 
a —elim. 
40% 
cr> 
o 
•Ob •Nr, xtCH. 
5 21 2 4 21 2 
(2%) (0%) (2%) (not obtained) (7%) (1%) 
4 21 2 
(7%) (8%) (25%) 
61 
lower temperatures (640-700°C) were determined to be 0%, 54%, and 
45%, respectively (see Table 13). Thus, the relative yield of 21 from 
each mechanistic route is calculated to be 0%, 7.0%, and 8.0%, 
respectively. These results are presented in Scheme VIII. Similarly, 
for the dimer of cyclopentadienone (4), the percent contribution of each 
of the three mechanistic routes (A, B, and C) for the lower temperature 
pyrolysis were determined to be 25.7% for route A, and 82.2% for route C. 
Route B was not obtained for reasons given earlier. The relative percent 
yield of 21 from routes A and C is calculated to be 2.0% and 7.0%, 
respectively (see Scheme VIII). 
At the higher temperatures (740-800°C), the average yield of each 
of the three main pyrolysis products, 2, 21, and 4, was determined to 
be 2.0%, 35.4%, and 7.9%, respectively (see Table 2b). For 
methylenecyclobutenone (2), the percent contribution of each of the 
mechanistic routes (A, B, and C) were determined to be 7.4%, 82.6%, 
and 3.5%, respectively (see Table 11). The relative yield of 2 from 
each mechanistic route is calculated to be 0.15%, 0.07%, and 1.7%, 
respectively. These results are presented in Scheme IX. For 
vinylacetylene (21), the percent contribution of each of the mechanistic 
routes for the higher temperature range (740-800°C) were determined to 
be 0%, 51%, and 30%, respectively (see Table 15). The relative 
yield of 21 from each of the mechanisms is calculated to be 0%, 18%, 
and 10.6%, respectively. These results are presented in Scheme IX. 
For the dimer of cyclopentadienone (4), the percent contribution of each 
of the mechanistic routes for the higher temperature range (740-800°C) 
Scheme IX 
f\ S [3.3] Ph ^  
a -elim. 
0.2% 
O^ c - s  
12 
0 
O-C-Ph [3.3] 
GHg T-
B a-el im. 
18% 
N/ 
\ 0-^ CH, 
18 
21 2 4 
(0%) (0.15%) (not obtained) 
21 2 
(18%) (0.07%) 
Ph-C-0 
a-e l im.  
19% 
4 
(6%) 
21 2 
(11%) (2%) 
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were determined to be 69% (for route C only). The relative yield of 
the dimer from this route is calculated to be 6% (Scheme IX). 
From Scheme VIII, which presents the lower temperature results, 
the total relative percent yield of each of the three main pyrolysis 
products from each mechanistic route (A, B, and C) is calculated to be 
4.0% 8%, and 40%, respectively. From Scheme IX, which represents the 
relative percent yield of the three main products for the higher 
temperature range from each of the mechanistic routes is also calculated 
to be .2%, 18%, and 19%, respectively. These results clearly show that 
the major contributing route in the formation of each of the pyrolysis 
products from the FVP of furfuryl benzoate (1) is route C. The other 
two routes (A and B) are minor contributors. For the formation of 
methylenecyclobutenone (2), an earlier NMR study [10] also concluded 
that the major contributing route was route C, a result which our 
conclusion supports. 
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EXPERIMENTAL 
Equipment and Methods 
The pyrolysis apparatus and generalized procedure for flash vacuum 
pyrolysis [41] have been described previously. 
NMR spectra were run on a Varian Associates HA-100 and A-60, 
EM-360 A/L, or Hitchi Perkin-Elmer R-20B spectrometers. 
NMR spectra were recorded on Bruker HX-90 or JEOL FX-90Q 
spectrometers. 
Chemical shifts are reported as values in ppm from tetramethylsilane 
(TMS). Coupling constants (J) are reported in Hertz. 
Infrared (IR) spectra were run on Beckman IR-4250 and Beckman 
Acculab 2 spectrometers using NaCl cells. High resolution mass spectra 
and exact mass determinations were recorded with Associated Electronics 
Industries MS-902 instrument at 20 eV. Gas chromatography/mass spectral 
data (G.LC/MS) were recorded using a Finnigan 4000 instrument with an 
INCOS 2500 data system. Gas chromatographic analysis of the pyrolysates 
was performed on a Hewlett Packard 5840-A Gas Chromatograph using a 20 m 
SP2100 thin film (methylsilicone fluid) capillary column. 
Melting points were obtained with Thomas Hoover capillary melting 
point apparatus and are uncorrected. 
Commercially available compounds are listed in Table 26. 
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Table 26. Commercially available compounds 
Compound Source 
Acetic acid 
Acetone 
a,a-azodi  sobutyroni ti1e 
Benzoyl chloride 
3-bromofuran 
b romosuccinimide 
n^butyllithium (in hexane) 
Carbon tetrachloride 
Chloroform-^ 
Cyclopentenone 
Deuterium oxide 
1,2-dibromoethane 
Di isopropylamine 
Ethyl ether 
Furfuryl acetate 
Furfuryl alcohol 
2-furoic acid 
Hydrochloric acid 
Lithium tetradeuteri oaluminate 
Lithium tetrahydroaluminate 
Magnesium sulfate 
Methyl 2-furoate 
Fisher Scientific Co. (Fisher) 
Fisher 
Aldrich Chemical Co., Inc. (Aldrich) 
Eastman Organic Chemicals (Eastman) 
Aldrich 
Aldrich 
Aldrich 
Fisher 
Aldrich 
Aldrich 
Columbia Organic Chemicals 
Fisher 
Aldrich 
Fisher 
A1drich 
Aldrich 
Aldrich 
Captree Chemical Corp. 
Ventron, Alfa Division 
Ventron, Alfa Division 
Fisher 
Aldrich 
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Table 26. Continued 
Compound Source 
Silver acetate Matheson Coleman and Bell 
Sodium bicarbonate Fisher 
Sodium chloride Fisher 
Sodium hydroxide Baker Chemical Co. (Baker) 
Tetrahydrofuran Fisher 
Tri ethyl amine Eastman 
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Synthesis of the Deuterated Furfuryl Benzoates 
Furfuryl benzoate (1) 
To a solution of 10.0 g (0.01 mole) of furfuryl alcohol and 10.3 q 
(0.10 mole) of triethylamine in 75 mL of ether at 0°C was added 14.4 g 
(0.10 mole) of benzoyl chloride in 30 mL of ether via an addition 
funnel. After the acid chloride was added, the solution was warmed to 
room temperature and stirred over an 8-h period. The reaction mixture 
was extracted with 200 mL of water to remove the amine salt, and then 
dried (MgSO^). The solvent was removed under reduced pressure. The 
crude product was purified by fractional distillation, yielding 19.0 g 
(0.09 mole; 90%) of furfuryl benzoate (1): bp 104°C (0.03 rmi) [lit. [9] 
bp 117-119°C (1.5 mm)]; IR (CDCI3) 1730, 1268, 1250, 1100 cm"^ 
[ l i t .  [9] IR (CCI4) 1720, 1265, 1250, 1105, 1090 cm"^]; NMR (CDCI3) 
6 8.7-7.6 (m, 2H), 7.7-7.0 (m, 4H), 6.4 (br, d, j = 3.1 Hz, IH), 6.10 
(d, J = 3.1 Hz, IH), 5.3 (s, 2H); [lit. [9] NMR (neat) ô 8.8-7.8 
(m, 2H), 7.8-7.0 (m, 4H), 6.44 (br, d, J = 3.2 Hz, IH), 6.20 (d, J = 
3.2 Hz, IH), 5.30 (s, 2H); GLC/MS (25 eV) m/e (rel. abundance) 202.0 
(20.0), 105 (98.2), 81.0 (100), 52.1 (18.2). 
Furfuryl-g, a-d2 alcohol (24) 
To a quantity of 2.94 g (0.07 mole) of lithium aluminum deuteride 
in 25 mL of anhydrous ether at 0°C was slowly added a solution of 8.82 g 
(0.07 mole) of methyl furan-2-carboxylate in 25 mL of anhydrous ether. 
The mixture was stirred at room temperature for 5 h. A standard workup 
[42] yielded 6.3 g (0.064 mole; 92%) of furfuryl-a, a-^ alcohol (24): 
IR (CCI4) 3400, 1500, 1370, 1140 cm"^ [lit. [43] (neat) for the light 
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furfuryl alcohol, 3500, 1490, 1360, 1150, NMR (CCl^) 7.0 d, 
J = 1.0 Hz, IH), 6.4-6.2 (m, 2H), 4.2 (s, IH); [lit. [44] NMR (CCl^) 
for the light furfuryl alcohol, 7.3 (m, IH), 6.4-6.2 (m, 2H), 4.50 
(s, 2H), 2.80 (br, s, IH). 
Furfuryl-g, a-dp benzoate (5) 
A quantity of 6.85 g (0.049 mole) of benzoyl chloride in 20 mL of 
anhydrous ether was added dropwise to a stirred solution of 4.0 g 
(0.049 mole) of 24 and 4.93 g (0.049 mole) of triethylamine in 50 mL of 
anhydrous ether. The mixture was stirred at room temperature over an 
8-h period. At the end of 8 h, 100 mL of water was added and stirred 
for 30 min. The layers were separated and the aqueous layer was 
extracted with ether (3 x 25 mL). The combined ether layer was washed 
with 10% hydrochloric acid and with saturated sodium bicarbonate 
(5 X 50 mL) and saturated sodium chloride (3 x 100 mL). After the 
organic layer was dried (MgSO^), the solvent was removed under reduced 
pressure yielding the crude product. The crude product was purified by 
fractional distillation, yielding 8.90 g (0.044 mole; 89.8%) of 5: bp 
105°C (0.03 mm); [lit. [9] bp for the undeuterated furfuryl benzoate, 117-
119]; IR (CDCI3) 1730, 1260, 1095 cm"^ [lit. [43] IR (CCl^) for the 
l ight compound, 1720, 1265, 1250,  1105, 1090 cm"^]; NMR (CDCI3) 6 
7.8-7.6 (m, 2H), 7.25-7.0 (m, 4H), 6.3-6.0 (m, 2H); GLC/MS (20 eV) 
m/e (rel. abundance) 205 (20), 105 (80), 83 (100), 77 (10.0), 55.1 (15.1); 
GLC/MS calculations indicated that the ester contained 97.8% 1-7% 
dp and 0.44% These results are also presented in the Results 
Section. GLC/MS (20 eV) for the undeuterated sample m/e (rel. abundance) 
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205 (0.04), 204 (1 .2) ,  203 (12.6) ,  202 (100), 201 (0.01). These results 
for furfuryl benzoate (1) are also presented in the Results Section. 
5-Deuteriofuran-2-carboxylic acid (25) 
The method of Knight [45] was used for the preparation of 25. A 
quantity of 8.0 g (0.071 mole) of 2-furoic acid (22) in 50 mL of 
tetrahydrofuran (THF) dried (LiAlH^) was added dropwise to two molar 
equivalents of lithium diisopropylamide (LDA) in THF at -78°C (dry ice-
2-propanol slurry). The lithium diisopropylamide was prepared by adding 
a quantity of 14.4 g (0.143 mole) of diisopropylamine in 50 mL of THF to 
60 mL of n-butyllithium (2.4 M in hexane; 0.143 mole). The mixture of 
2-furoic acid (22) and the lithium diisopropylamide were stirred 
vigorously for 30 min. At the end of 30 min, 15 mL of deuterium oxide 
was added dropwise to the mixture. The mixture was allowed to warm to 
room temperature and was extracted with anhydrous ether (5 x 50 mL). 
The combined ether layers were acidified with 10% hydrochloric acid. 
The solution was extracted with anhydrous ether (5 x 30 mL) and dried 
(MgSO^). The solvent was removed under reduced pressure to give a 
brown solid. The solid was purified by sublimation at 100°C (10.3 mm) 
yielding 5.20 g (0.046 mole; 85.2%) of 25: mp 129-130°C; [lit. [20] mp 
129.3-130°C]; NMR (COCI3) 6 7.5 (d, J = 3.5 Hz, IH), 6.6 (d, J = 3.5 
Hz, IH), 4.2 (br, IH); [lit. [46] NMR (CDClg) 6 7.34 (d, 3.4 Hz, IH), 
6.6 (d, J = 3.4 Hz, IH), 4.29 (br, IH)]. 
70 
5-Deuteriofurfury1 alcohol (26) 
To a stirred slurry of 0.84 g (0.022 mole) of lithium aluminum 
hydride in 20 mL of ether (dried over LiAlH^) at 0°C was slowly added 
a solution of 2.50 g (0.022 mole) of 25 in 20 mL of anhydrous ether. The 
mixture was stirred at 60-70°C over a 6-h period. A gray suspension was 
formed which changed to white at the end of 6 h. A standard workup [42] 
yielded 2.0 g (0.020 mole; 92%) of 26: IR (CDCI3) 3400, 1200, 1010 cm"^ 
NMR (CDCI3) Ô 6.30 (d, J = 3.4 Hz, 2H), 4.45 (s, 2H), 4.20 (br, IH). 
Furfuryl-S-d-j benzoate (15) 
A quantity of 2.40 g (0.017 mole) of benzoyl chloride in 30 mL of 
ether was slowly added to a stirred solution of 1.70 g (0.017 mole) of 
26 and 1.70 g (0.017 mole) of tri ethyl ami ne in 25 mL of ether. The 
mixture was stirred at room temperature over an 8-h period. At the end 
of 8 h, 50 mL of water was added to the mixture and the mixture was 
stirred for 30 min. The organic layer was separated and the aqueous 
layer was extracted with ether (4 x 50 mL). The combined ether layers 
were washed with 10% hydrochloric acid (3 x 40 mL) and saturated sodium 
chloride solution (3 x 50 mL). After the organic layer was dried (MgSO^), 
the solvent was removed under reduced pressure yielding the crude 
product. The crude product was purified by fractional distillation, 
yielding 3.38 g (0.027 mole; 98%) of 16: bp 103°C (0.03 mm); IR 
(CDCI3) 3040, 1730, 1600, 1450, 1289 cm'^; NMR (CDCI3) Ô 7.9 (m, 2H), 
7.3 (m, 3H), 6.5-6.2 (m, 2H), 5.25 (s, 2H); GLC/MS (20 eV) m/e (rel. 
abundance) 203.1 (10.0), 105 (100), 82.1 (75.0), 53.1 (15.0); GLC/MS 
determinations indicated that the ester contained 22.7% 73.5% , and 
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3.7% dg. These results are presented in the Results Section. 
3-Bromo-2-furoic acid (28) 
The method of Ly and Schlosser [47] v/as used for the preparation 
of 28. A quantity of 7.41 g (0.0504 mole) of 3-bromofuran (27) in 25 mL 
of ether (dried over LiAlH^) was slowly added to a mixture of 5.10 g 
(0.050 mole) of diisopropylamine and 21.0 mL of n^-butylithium (0.050 mole; 
2.4 M in hexane) cooled at -78°C (dry ice and 2-propanol slurry). The 
resulting solution was stirred for 3 h at -78°C. At the end of 3 h, 
carbon dioxide was bubbled through the mixture for an additional 2-h 
period. The mixture was allowed to warm to room temperature and 100 mL 
of 10% hydrochloric acid was added. The mixture was extracted with ether 
(5 X 50 mL). The combined ether layers were dried (MgSO^), and the 
solvent was removed under reduced pressure yielding the crude product. 
The crude solid was purified by recrystallization from hexane to yield 
4.30 g (0.0173 mole; 44.7%) of 3-bromo-2-furoic acid (28): mp 149-151°C; 
[lit. [46] mp 148-150°C]; IR (CDCI3) 3300, 1695, 1480, 1280 cm'^ 
NMR (acetone-^/CDClg) 7.6 (d, J = 2.4 Hz, IH), 6.6 (d, J = 2.4 Hz, 
IH), 5.8 (br, IH). 
3-Deuterio-2-furoic acid (29a) 
To a quantity of 3.30 g (0.0174 mole) of 3-bromo-2-furoic acid (28) 
in 50 mL of tetrahydrofuran (THF) (dried over LiAlH^) was slowly added 
14.4 mL (0.035 mole; 2.4 M in hexane) of n-butylithium over a 10-min 
period. The mixture was stirred for 2 h at -78°C. The mixture was 
allowed to warm to room temperature and 15 mL of deuterium oxide was 
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slowly added by means of a syringe over a 5-min period. The mixture was 
added. The mixture was extracted with anhydrous ether (3 x 40 mL). The 
organic layers were dried (MgSO^), and the solvent was removed under 
reduced pressure yielding 1.10 g (0.011 mole; 64.7%) of 29a: mp 128.5-
131°C; [lit. [46] mp 129-130°C]; IR (CDCI3/CCI4, 1:1) 3300, 1705, 1550, 
1350, 1160 cm'T; NMR (CDCI3) 6 7.75 (d, J = 2.3 Hz, IH), 6.60 (d, 
J = 2.29 Hz, IH), 5.90 (br, IH); [lit. [46] NMR (CDCI3) 6 7.60 (m, IH), 
6.50 (m, IH), 4.36 (br, s, IH)]. 
Furfuryl-3-d^ alcohol (29) 
To a quantity of 0.74 g (0.0195 mole) of lithium aluminum hydride 
in 25 mL of ether (dried over LiAlH^) was slowly added a solution of 
1.10 g (0.0112 mole) of 29a in 20 mL of ether. The mixture was stirred 
at room temperature over a 5-h period. At the end of 5 h, a standard 
workup [42] yielded 0.89 g (0.009 mole; 80.27%) of furfuryl-3-d^ alcohol 
(29): IR (CDCI3) 3300, 1370, 1140 cm"^; ^H NMR (CDCI3) Ô 7.35 (d, 
J = 2.0 Hz, IH), 6.25 (d, J = 2.1 Hz, IH), 4.50 (s, 2H), 3.6 (br, IH). 
Furfuryl-3-&j benzoate (17) 
A solution of 1.24 g (0.0088 mole) of benzoyl chloride in 20 mL 
of anhydrous ether was added dropwise to a stirred solution of 0.87 g 
(0.008 mole) of furfuryl-3-^^ alcohol (29) and 0.89 g (0.0098 mole) of 
triethylamine in 30 mL of anhydrous ether. The mixture was stirred at 
room temperature for 8 h. At the end of 8 h, 75 mL of water were added 
to the mixture and the mixture was stirred for 30 min. The organic 
layer was separated and the aqueous layer was further extracted with 
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ether (3 x 40 mL). The combined ether layers were washed with 50 mL of 
10% hydrochloric acid. The solution was dried (MgSO^), and the solvent 
was removed under reduced pressure yielding 1.61 g (0.008 mole; 90%) of 
furfuryl-3-d^ benzoate (17): IR (CDCI3) 1723, 1268, 1095 cm"^ NMR 
(CDCI3) Ô 8.2-7.3 (m, 2H), 7.8-7.1 (m, 4H), 6.2 (d, J = 2.0 Hz, IH), 
5.24 (s, 2H); GLC/MS (20 eV) m/e (rel. abundance) 203.2 (35.3), 105.2 
(100), 82.2 (22.2), 53.1 (18.2); GLC/MS determinations indicated that 
the ester contained 20.2% 77.0% d-j, and 2.8% dg. 
General Pyrolysis Procedure 
A quantity of the sample in a pyrex boat was placed into the sample 
chamber of the pyrolysis apparatus and the system was evacuated to 
ca. 10"^ Torr. The sample chamber was heated to ca^. 70-80°C during the 
pyrolysis. The sample was then sublimed or distilled through the hot 
zone and the pyrolysate was collected in the liquid-nitrogen-cooled 
trap. A condenser cooled to ca_. -20°C was inserted between the furnace 
and the liquid-nitrogen-cooled trap to collect the benzoic acid and the 
other minor products, e.g., the dimer of cyclopentadienone (4) formed. 
Pyrolysis was assumed complete when no starting material was visible in 
the sample chamber. Upon completion of the reaction, nitrogen was 
introduced into the system and the trap was warmed to -78°C. When the 
system had returned to atmospheric pressure, the trap was removed 
(remaining under nitrogen). The trap was then removed and the 
temperature was slowly raised to room temperature. The product mixture 
was then analyzed. 
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Assignment of the individual components of the pyrolysate was 
based on NMR analysis, molecular weight, as determined by GLC/MS, 
and in some cases, IR spectroscopy. Quantification of the pyrolysate was 
done by integration of the NMR as compared to an internal standard. 
Pyrolysis of furfuryl benzoate (1) 
A quantity of 0.3075 g (0.0052 mole) of furfuryl benzoate (1) was 
pyrolyzed at 650°C in the normal manner previously described. A 
quantitative NMR analysis of the pyrolysate using benzyl ether as 
a standard showed the presence of methylenecyclobutenone (2) in 39.5% 
yield, vinyl acetylene (21) in 8.5% yield, and the dimer of 
cyclopentadienone (4) in 4.31% yield. For methylenecyclobutenone (2): 
IR (CDCI3) 1786, 1689, 815 cm"^ [lit. [9] IR (CDCI3) 1783, 1688, 823 
cm'T]; NMR (CDCl.) Ô 8.58 (d, J = 2.0 Hz, IH), 7.02 (d, J = 2.0 Hz, 
IH), 5.04 (m, IH), 4.76 (m, IH); [lit. [9] ^H NMR (ethyl acetate) 
Ô 8.66 (m, IH), 7.16 (m, IH), 5.01 (m, IH), 4.78 (m, IH)]. For vinyl-
acetylene (21); IR (CDCI3) 3304, 2880, 725, 700 cm"^ [lit. [16] IR 
(ether) 3300, 2110, 1600 cm"^];  NMR (CDCI3)  6 5.80-5.34 (m, 3H),  
2.76 (m, IH); [lit. [17] ^H NMR (CCl^) 6 5.85-5.35 (m, 3H), 2.88 (br, 
IH)]; GLC/MS (20 eV) m/e (rel. abundance) 54 (4.1), 53 (4.1), 52 (100), 
51 (16.5), 50 (7.2). 
The products from the condenser were washed out with 20 mL of 
chloroform-^ into a 100-mL round bottom flask and 15.0 g of solid 
sodium carbonate was added to the solution and then allowed to stand with 
stirring for 8 h. The mixture was filtered and the resulting solution 
was concentrated under reduced pressure to ca^. 0.5 mL. Then a quantity 
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of 8,5 mg (0.0429 mmole) of benzyl ether was added to the mixture. 
The NMR was recorded and integrated several times to get the average 
response. The results indicated the presence of the dimer 4 in 4.31% 
yield and the recovered starting furfuryl benzoate (1) in 6.10% yield. 
For the dimer 4: IR (CDClg) 1795, 1700 cm'^; [lit. [45] IR (CCl^) 1794, 
1700]; NMR (CDCI3) 6 7.30 (m, IH), 6.10 (m, 3H, vinyl), 3.32 (m, 3H), 
3.14-2.83 (m, IH); [lit. [45] NMR (CDCI3) 7.32 (m, IH), 6.10 (m, 3H), 
3.30 (m, 3H), 3.15-2.85 (m, IH)]; GLC/MS (20 eV) m/e (rel. abundance) 
164 (0.02), 136.1 (96), 135 (100), 134 (65.1), 108 (49.8), 107 (29.8). 
At the high temperature range (i.e. 740-800°C) when no starting 
material was found in the condenser, the dimer was separated from the 
benzoic acid and weighed, and the percentage yield was determined based 
on complete conversion of the benzoate to the products. 
Unless stated otherwise, the procedures outlined above for 
determining the yields were used in the analysis of the pyrolysates 
obtained from the pyrolysis of furfuryl acetate (3), and the deuterated 
furfuryl benzoates used in this work. For methylenecyclobutenone (2), 
the methylene protons (=[^2) resonating at 6 5.01-4.78 were integrated 
several times to get the average response. For the deuterated 
methylenecyclobutenone (E-d^), where the methylene protons were replaced 
with deuterium, the proton resonating at 6 8.66 was used. For 
vinyl acetylene (21), the acetylenic proton was used to determine its 
yield. 
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Pyrolysis of furfuryl acetate (3) 
A quantity of 0.728 g (0.0052 mole) of furfuryl acetate (3) was 
pyrolyzed at 650°C in the normal manner previously described. A 
quantitative NMR analysis of the pyrolysate using 1,2-dibromoethane 
standard showed the presence of methylenecyclobutenone (2) in 37.3% 
yield, vinyl acetylene (21) in less than 2% yield, and the dimer obtained 
from the condenser in 6.2% yield. The spectral properties for these 
products (^H NMR, IR, and GLC/MS) were identical to those previously 
described from the pyrolysis of furfuryl benzoate (1). 
Pyrolysis of furfuryl-a, a-dp benzoate (5) 
A quantity of 0.384 g (0.00189 mole) of furfuryl-a, benzoate 
(5) was pyrolyzed at 650°C in the usual manner. A quantitative NMR 
analysis of the pyrolysate using benzyl ether standard showed the 
presence of methyl enecycl obutenone-5,5-^2 (2-^) in 40% yield, vinyl-
acetylene (21-^2) in 9.0% yield, the dimer of cyclopentadienone (4) 
separated from the benzoic acid in the condenser as previously described 
in 5.2% yield and the starting benzoate 5 in 6.9% yield. 
A quantity of 0.485 g (0.00234 mole) of furfuryl-a, a-^ benzoate 
was also pyrolyzed at 740°C in the normal manner. A quantitative 
NMR analysis of the pyrolysate using benzyl ether standard showed 
the presence of (2-^2) in less than 2%, vinyl acetyl ene (21-^) in 38% 
yield, and the dimer of cyclopentadienone (4) separated from the benzoic 
acid in the condenser in 5.09% yield. There was no evidence of the 
starting benzoate 5. For me thy 1 enecycl obutenone-S.S-dg (2-^): IR 
(CDCI3) 1784, 1686, 820 cm'^; [lit. [9] IR (COCI3) for the light 
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compound 2, 1783, 1688, 823 cm"^]; NMR (CDClg) 6 8.58 (d, J = 2.0 Hz, 
IH), 7.02 (d, J = 2.0 Hz, IH); GLC/MS (20 eV) m/e (rel. abundance) 
84 (0.12), 82 (5.26), 81 (100), 80 (10.31), 79 (0.63). For vinyl acetylene 
(21): IR (CDCI3) 3303, 2110, 1601 cm'^; ^H NMR (CDCI3) Ô 2.78 (br, s, 
IH); GLC/MS (20 eV) m/e (rel. abundance) 57 (0.49), 56 (2.50), 55 (5.16), 
54 (100), 53 (16.2), 52 (3.93). 
Pyrolysis of furfuryl-5-d^ benzoate (16) 
A quantity of 0.683 g (0.0034 mole) of 16 was pyrolyzed in the 
normal manner at 650°C. A quantitative ^H NMR analysis of the pyrolysate 
using benzyl ether standard showed the presence of methylenecyclobutenone 
(2) in 40% yield, vinyl acetylene (21) in 8.4% yield, the dimer of 
cyclopentadienone (4) separated from the condenser in 4.8% and the 
starting benzoate 16 in 6.4%. For methyl enecyclobutenone (2): IR 
(CDCI3) 1786, 1689, 815 cm"^ ^H NMR (CDCl^) 6 8.58 (d, J = 2.0 Hz, IH), 
7.02 (d, J = 2.0 Hz, IH), 5.04 (m, IH), 4.76 (m, IH). GLC/MS (20 eV) 
m/e (rel. abundance) 80.0 (50), 79 (10), 52 (100), 51.0 (25.3). For 
vinyl acetylene (21): IR (CDCI3) 3303, 2880, 725, 700 cm"^ NMR 
(CDCI3) 6 5.08-5.34 (m, 3H), 2.76 (br, IH); GLC/MS (20 eV) m/e (rel. 
abundance) 52 (100). 
A quantity of 0.7615 g (0.007 mole) of 16 was pyrolyzed at 740°C 
in the normal manner. A quantitative NMR analysis of the pyrolysate 
using benzyl ether standard showed the presence of methylenecyclobutenone 
(2) in less than 2%, vinyl acetylene (21) in 40.0% yield, and the dimer 
of cyclopentadienone (4) in 4.2% yield. There was no evidence of the 
starting benzoate 16. The spectral properties for these pyrolysis 
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products were like those obtained from the FVP of 16 at 650°C. 
Pyrolysis of furfuryl-3-d^ benzoate (17) 
A quantity of 0.163 g (0.008 mole) of 17 was pyrolyzed in the 
usual manner at 650°C. A quantitative NMR analysis using benzyl 
ether standard showed the presence of methylenecyclobutenone (2) in 40% 
yield, vinyl acetylene (21) in 3.9% yield. The dimer of cyclopentadienone 
(4) was not obtained to be analyzed. For methylenecyclobutenone (2): 
GLC/MS (20 eV) m/e (rel. abundance) 8.10 (100), 53.0 (85.3). For 21: 
GLC/MS (20 eV) m/e (rel. abundance) 52.1 (100). 
A quantity of 0.084 g (0.0041 mole) of furfuryl-3-^^ benzoate (17) 
was pyrolyzed at 740°C in the normal manner. A quantitative NMR 
analysis using benzyl ether standard showed the presence of 
methylenecyclobutenone in less than 2%, vinyl acetylene (21) in 40% 
yield, and no evidence of any starting benzoate 17. For methylenecyclo­
butenone (2): GLC/MS (20 eV) m/e (rel. abundance) 83 (0.38), 82 (5.90), 
81 (100), 80 (33.80). For vinyl acetylene (21): GLC/MS (20 eV) m/e 
(rel. abundance) 54 (5.18), 53 (100), 52 (94.0), 51 (8.93). 
Preparation of Dicyclopentadienone (4) 
4-Bromocyclopent-2-enone 
The method of Depuy et [21] was used to prepare 4-bromocyclo-
pent-2-enone. A mixture of 10.1 g (0.213 mole) of cyclopent-2-enone 
(bp 55°C, 21.0 mm), 22.0 g (0.124 mole) of N-bromosuccinimide, and 
ca. 0.50 g of a,a-azodiisobutyronitrile (AIBN) in 150 mL of carbon 
tetrachloride was heated on a steam bath for 1 h. After cooling in an 
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ice water bath, the mixture was filtered and the filtered cake was 
washed with cold carbon tetrachloride. The filtrate was washed 
successively with ice water (2 x 10 ml), and dilute sodium thiosulfate 
solution (2 X 50 ml). The solution was dried (MgSO^), and the solvent 
was removed under reduced pressure yielding the crude product. The crude 
product was purified by fractional distillation to yield 14.38 g (72%) of 
4-bromocyclopent-2-enone: bp 35-56°C (0.01 mm); [lit. [41] bp 36-37°C 
(0.1 mm)]. 
Picyclopentadienone (4) 
A quantity of 2.0 g (0.012 mole) of 4-bromocyclopent-2-enone was 
dissolved in 20 mL of ether (dried over LiAlH^), and 1.25 g (0.012 mole) 
of tri ethyl ami ne dissolved in 15 mL of ether was added. A white 
precipitate was formed immediately. After the mixture had stood for 3 h 
at room temperature, it was filtered. The precipitate was washed with 
ether (3 x 50 mL). The solvent was removed under reduced pressure 
yielding a crude solid residue. The solid was purified by 
recrystallization from hexane to give 0.92 g (0.01 mole; 92%) of the 
dimer of cyclopentadienone (4); mp 99-100°C; [lit. [41] mp 99-99.5°C]. 
The spectral properties (^H NMR, IR, and GLC/MS) for 4 obtained from 
this synthetic route, were identical for 4 obtained from the FVP of 
furfuryl benzoate (1) and furfuryl acetate (3). 
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Sample Calculation for Determining the Deuterium 
Content of Vinyl acetylene (21) 
GLC/MS analysis of the non-deuterated vinyl acetylene (21) indicated 
the peak intensities to be: 0.15 (m+2), 4.06 (m+1), 100 (m"*"), 16.5 (m-1), 
and 7.17 (m-2). These results indicate the importance of a large m-1 peak 
as well as a m-2 peak and m+2 peak should be considered when determining 
the deuterium content for the deuterated sample 21. We have assumed that 
the P-1 peak for the deuterated sample is the same as that for the 
undeuterated sample, which is questionable, but the best that we can do, 
A representative sample calculation for determining the deuterium 
content of vinyl acetylene (21) (the data is taken from Table 23) is as 
follows. The peak at m/e 51 for the deuterated sample is 
comprised of two components: 1) 16.5% of the ^ species, and 2) 7.2% of 
the ;d^ species. This is shown in Equation (1). 
.072 d^ + .165 ^ = 8.93 . (1) 
Also, the peak at m/e 52 for the deuterated sample is comprised of 
three components: 1) a contribution from the ^ species, 2) 16.5% of 
the ^1 species, and 3) 7.2% of the ^ species (Equation 2). 
^ + .165 d^ + .072 ^ = 94 . (2) 
Since the contribution from the ^ species is small, Equation (2) is 
reduced to: 
^ + .165 =94 . 
Also, the peak at m/e 53 of the deuterated species is comprised 
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of two components (assuming the contributions from the ^ species and 
dg species are small): 1) 4.06% of ^ species, and 2) a contribution 
from the species (Equation 3). 
.041 ^ + d^ = 100 . (3) 
Similarly, the peak at m/e 54 for the deuterated sample is comprised of 
two components: 1) 4.06% of species, and 2) a contribution from 
the species (Equation 4). 
.041 dg + d^g = 7.69 . (4) 
From Equations (1), (2), (3), and (4), it is possible to calculate the 
values for d^, and as follows: 
.072 d^ + .165 ^ = 8.93 (1) 
^ + .165 d^ = 94.0 (2) 
.041 ^ + d ^ = 100 (3) 
and .041 d ^ ^ = 7.69 (4) 
= 94 - .165 from (2) 
(.041)[94 - .165 d^3 + d^ = 100 from (2) and (3) 
= 3.85 - .007 d^ + d^ = 100 
^1 " • 
Using Equation (2), one can now proceed to determine the value of ^ 
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as follows: 
^ = 94 - .165 = 94 - .165 x 96 
= 94 - 15.75 
= 78 . 
Also, using Equation (4) and having obtained a value for the species, 
the value for the species can be determined as follows: 
dg = 7.69 - .041 d^ 
= 7.69 - .041 X 96 
= 7.69 - 3.94 
= 4 . 
From the values determined for , and the percent of each 
species was found to be: 44% 54% dp and 2% 
Sample Calculation for Determining the Dueterium 
Content of the Dimer of Cyclopentadienone (4) 
The method used to determine the deuterium content of vinyl acetylene 
(21) was also used to determine the deuterium content for the dimer 4. 
6LC/MS peak intensities of the non-deuterated sample 4, which is based 
on a loss of two molecules of carbon monoxide, were indicated to be: 
.08 (m+2), 11.4 (m+1), 100 (m"*"), and 13.3 (m-1). 
A sample calculation for the deuterium content of the dimer 4 (the 
data is taken from Table 24b) is presented below. 
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+ .133 = 1.3 
d^ + .133 dg = 8 
dg + .133 d^ + .114 d^ =17 
dg + .133 ^ = 58 
and ^ + .114 ^2 ~ 100 
dj = 58 - .133 ^ 
^ + .114 [58 - .133 = 100 
^ + 6.6 - 0.15 ^ = 100 
The value for the species can then be determined as follows: 
dg = 58 - .133 d^ = 58 - .133 x 95 = 45 . 
Also, the values for and species can be determined as follows: 
and 
dg = 17 - .133 dg = 17 - .133 x 45 = 11 
d^ = 8.0 - .133 dg = 8 - .133 x 11 = 7 . 
From the values determined for dg, and the percent of each 
species was calculated to be: 4% , 7% 29% dg, and 60% 
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SUMMARY 
Flash vacuum pyrolysis (FVP) at lower temperatures (640-700°C) of 
furfuryl benzoate (1) provides as the major product methylenecyclobutenone 
(2) (31% yield) along with a fair yield of vinyl acetylene (21) (15% 
yield) and the dimer of cyclopentadienone (4) (8% yield). At higher 
temperatures (740-800°C), FVP of furfuryl benzoate (1) provides as the 
major product vinyl acetylene (36% yield) along with a fair yield of the 
dimer of cyclopentadienone (4) (8% yield) and trace amounts, less than 
2% yield, of methylenecyclobutenone (2). Similar results were obtained 
for the FVP of furfuryl acetate (3). Only minor differences between 
the pyrolysis of furfuryl benzoate (1) and furfuryl acetate (3) were 
observed. 
Three separate mechanisms were proposed to account for the 
formation of these pyrolysis products: 1) initial alpha elimination of 
benzoic acid; 2) a single [3,3] migration followed by alpha elimination 
of benzoic acid; and 3) two [3,3] migrations followed by alpha 
elimination of benzoic acid. Study of the deuterium atom content of 
the products obtained from the pyrolysis of furfuryl-a, a-^ benzoate 
(5), furfuryl-5-^1 benzoate (15), and furfuryl-3-d.j benzoate (17) 
provided information about the relative importance of these three 
pathways for the formation of the three main products. For the 
formation of methylenecyclobutenone (2), the percent contribution of 
the initial alpha elimination of benzoic acid was in the range of 
8-10%; the percent contribution of the two [3,3] migrations followed 
by alpha elimination of benzoic acid was in the range of 80-90%. The 
81 
percent contribution of the single [3,3] migration followed by alpha 
elimination of benzoic acid was in the range of 0-3%. 
For the formation of vinyl acetylene (21), the percent contribution 
of the initial alpha elimination of benzoic acid was in the range of 
0-2%; the percent contribution of the single [3,3] migration followed 
by alpha elimination of benzoic acid was in the range of 40-45%. The 
percent contribution of the two [3,3] migrations followed by alpha 
elimination of benzoic acid was in the range of 50-60%. 
For the formation of the dimer of cyclopentadienone (4), the 
percent contribution of the initial alpha elimination of benzoic acid 
was in the range of 20-28%, and the percent contribution of the two 
[3,3] migrations followed by alpha elimination of benzoic acid was in 
the range of 60-70%. The percent contribution of the single [3,3] 
migration followed by alpha elimination of benzoic acid mechanism was 
not obtained because the dimer (4) was not obtained in sufficient 
quantity from the FVP of furfuryl-3-^.j benzoate (17) to be analyzed. 
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PART II. CHEMISTRY OF 2-METHYLENEBENZOCYCLOBUTENONE 
AND INDENONE PREPARED BY THE FLASH VACUUM 
PYROLYSIS OF 3-BENZOYLOXYMETHYLBENZOFURAN 
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INTRODUCTION 
During the past decade, flash vacuum pyrolysis (FVP) has been used 
extensively in generating reactive intermediates which rearrange or, 
when allowed to react further, form compounds of great interest to 
organic chemists [1-6]. FVP experiments have been pursued with many 
classes of compounds as summarized in recent reviews [7-9] and a 
monograph [10]. 
One such area which has received considerable attention during the 
past twenty years involves the pyrolysis of carboxylic esters. There 
is great interest in both the mechanism and synthetic applications of 
these pyrolytic reactions [11, 12]. Further application of ester 
pyrolysis involves the FVP of furfuryl benzoate (1) [13], a reaction 
which has provided a convenient route to methylenecyclobutenone (2). 
I? 
2 
This reaction makes available the parent compound of a series of 
compounds which is not easily synthesized [14]. Prior to this report, 
methylenecyclobutenone (2) was one of the missing simple derivatives of 
cyclobutadiene [15]. Methylenecyclobutenone (2) is a potentially useful 
synthetic intermediate since it has a highly functionalized cyclobutene 
moiety [14]. 
0 FVP 
\ ^ '^^Hg-O-C-Ph --PhCOOH 
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In order to determine the scope of the reaction and to achieve a 
better understanding of its mechanism, the pyrolysis of a series of 
substituted furfuryl esters was undertaken [16-19]. Pyrolysis of 
furfuryl-a, a-^ benzoate (1) was studied, and it was determined by 
NMR analysis that the major product formed was methylenecyclobutenone-
G.S-dg (2-^2) [13]- On the basis of this observation, a mechanism for 
the conversion of furfuryl benzoate (1) to methylenecyclobutenone (2) was 
proposed. This proposed mechanism involves two [3,3] migrations followed 
by alpha elimination of benzoic acid to give carbene 3 which rearranges to 
methyl enecycl obutenone-5,5-dg (2-^). A more detailed and extensive 
study using GLC/MS analysis of the deuterium content of the product 
from the FVP of deuterated furfuryl benzoates, furfuryl-a, a-^2 benzoates 
(1-^2)» furfuryl-5-^-] benzoate, and furfuryl-3-^^ benzoate also confirmed 
the proposed mechanism as the major contributing route in the formation 
of the pyrolysis products from furfuryl benzoate (1), Scheme I. 
Scheme I 
a 
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Trahanovsky and Cassady reported that the FVP of 3-fury!methyl 
benzoate (4) produces a small amount of methylenecyclobutenone (2) along 
with the major product vinyl acetylene (5) [20]. Consideration of the 
mechanism which he proposed for the formation of methylenecyclobutenone 
(2) led to the prediction that the FVP of 3-benzoyloxymethylbenzofuran 
(6) would provide 2-methylenebenzocyclobutenone (7). Compound 7 is one 
of the missing simple derivatives of cyclobutadiene [15, 21-23], and is 
a potentially useful synthetic intermediate since it has a highly 
functionalized cyclobutene moiety. Several substituted derivatives of 
2-methylenebenzocyclobutenone (7) have been prepared and appear to be 
quite stable [21-23]. Some examples of the known derivatives of 7 are 
•PhCOOH 
HgCzrCH-C^C-il 
5 (77%) 
4 
7 
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presented in Table la. Furthermore, the reactivity of 7 could be unusual 
because some reactions, such as Michael additions, could involve usually 
Table la. Examples of known substituted derivatives of 2-methylene-
benzocyclobutenone (7) 
Substituted derivative Reference 
CCI, 
[21]  
CHCOgJWe [22]  
[22] 
CO Ph 
[23]  
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unstable intermediates. 3-benzoyloxymethylbenzofuran (6) was expected to 
form carbene 8 by a single [3,3] migration of the benzoate group followed 
by alpha elimination of benzoic acid, and it was expected that carbene 8 
would rearrange to give 7. 
The possibility of obtaining 7 by this route was important because 
7 cannot be obtained from the furfuryl benzoate route. As shown in 
Scheme II, the precursor of 7 would have to be an isobenzofuran 
derivative 9 which would be too reactive to be pyrolyzed under FVP 
conditions. Furthermore, a single [3,3] migration of the benzoate group 
of 9 would generate 10 which is non-aromatic and has a highly hindered 
benzoyloxy group. These factors would make the formation of 7 from this 
route unlikely. 
Scheme II  
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The goal of this project was to test the prediction made based on 
Cassady's work. To achieve this goal, a synthetic route to 
3-benzoyloxymethylbenzofuran (6) was developed and the pyrolysis 
chemistry of 6 was studied over a wide range of pyrolysis temperatures. 
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RESULTS 
3-benzoy 1oxymethylbenzofuran (6) used in this work was prepared by 
the lithium aluminum hydride reduction of 3-benzofurancarboxyl ic acid 
(13) to the corresponding alcohol 14 which was esterified with benzoyl 
chloride in the presence of tri ethyl amine. 
ni 
0 
14 
EtgN 
Q 
Ph-C-Cl 
The acid 13 was prepared by a known sequence of reactions starting 
from ethyl phenoxyacetate (15) [24]; the last step of this sequence is 
the decarboxylation of diacid 16. The reported procedure [25], heating 
16 to 250°C under vacuum, gave poor yields of 13 and was difficult to 
scale up. However, we have found that gram quantities of 16 can be 
converted to 13 in greater than 80% yield by flash vacuum pyrolysis at 
700°C and ça. 10'^ Torr. The synthesis of diacid 16 is outlined in 
OOH 
LAH 
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Scheme III. Ethyl phenoxyacetate is condensed with ethyl oxalate and 
the resulting ester is cyclized with sulfuric-acetic acid mixture. The 
results of a number of the cyclization experiments are given in Table lb. 
Scheme III 
OCHgCOgEt 
15 
CO,Et 
I ^ 
COgEt 
NaOEt 
COgEt 
-O-CHCOgEt 
17a 
COoEt 
CO^Et 
17b 
H,,SO,/ACOH 
c 4 
COOH 
16 
COOH 
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Table lb. Cyclization experiments of ethyl ra-hydroxy-a-phenoxynialeate 17 
Compound, g Reaction 
HgSO* 
ML 
medium 
HOAc 
mL 
Conditions''^ Product^ 
and yields 
% 
8.0 15 15 a 10 
5.0 15 0 b 18 
5.0 10 10 a 25 
5.5 10 10 a 28 
20 40 40 a 32 
^Room temperature, 12 h, then steam-bath, 15 min. 
'^Steam-bath, 1 h. 
^Yields are based on isolated products after hydrolysis with 5% 
sodium hydroxide and are based on three runs. 
In all cases, the workup of the reaction mixture involved pouring 
it on ice. The crude precipitate was dissolved in 5% sodium hydroxide and 
and allowed to stand for 15 min; acidification with 10% sulfuric acid 
gave diacid 16 which was dried under reduced pressure and pyrolyzed 
without further purification. 
Unless stated otherwise, all cyclization experiments performed in 
this work were carried out under the last set of conditions presented. 
Pyrolysis of 3-Benzoyloxymethy1benzofuran (6) 
The flash vacuum pyrolysis of 6 was performed using the method 
previously reported [26] at temperatures ranging from 400 to 750°C. A 
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yellow band of products was produced in the cold trap at 77°K. 
Deuterated chloroform was added to the trap and the product mixture was 
allowed to slowly warm to room temperature. The major products found 
were 2-methy1enebenzocyc1obutenone (7) and indenone (18). These 
products were accompanied by the formation of benzoic acid, trace 
amounts of o-ethynylbenzaldehyde (19) (<1%), and phenyl acetylene (20) 
(3-11%). 
: 
pHg-O-C-Ph 0 
FVP 
-PhCOOH 
6 7 
H 
+ 
0 
18 19 
+ 
20 
Several attempts to separate the product mixtures by gas 
chromatography using a 25-meter, methyl silicone-coated, capillary column, 
flash chromatography, or preparative thin layer chromatography resulted 
97 
in failure. However, two procedures were devised to separate the product 
mixture: 1) to the product mixture obtained by pyrolysis of 6 at 500 to 
580°C was added pyrrolidine followed by addition of acetic acid to 
neutralize the excess pyrrolidine; this selectively destroyed the 
indenone (18) and pure 7 was then obtained by flash chromatography of 
the resulting mixture; 2) to the product mixture of 7 and 18 formed by 
the FVP of 6 at 500-580°C was added a large excess of cyclopentadiene; 
cyclopentadiene adds much faster to indenone (18) and flash 
chromatography of the resulting mixture provided pure 6 and the 
cyclopentadiene adducts of indenone, 18. 
The structure of 2-methylenebenzocyclobutenone (7) was indicated 
by its spectral properties: NMR (CDClg) (Figure 1) 6 7.5-7.3 (m, 4H), 
5.46 (d, J = 1.47 Hz, IH), 5.24 (d, J = 1.46 Hz, IH); IR (CDCI3) 3010, 
1770, 1740 cm'T; NMR (CCI4/CDCI3) (Figure 2) 6 186.10 (C=0), 159.4, 
156.10, 135.0, 130.2, 121.6, 120.2, 102.10 (=CH2); Molecular ion, 
calculated for CgHgO, 130.04187, measured, 130.094191, +0.3 ppm; 
GLC/MS (Figure 3) (20 eV) m/e (re. abundance) 130 (100), 103 (3.2), 
102 (38.6), 76 (1.2), 75 (0.6); UV (EtOH) 250 (900), 310 nm (1500). 
The structure of indenone (18) was also indicated by its spectral 
properties. Its ^H NMR (CDClg) (Figure 1) and IR spectra were consistent 
with previously reported spectral data [7-9, 27-30]. NMR (CDClg) 
(Figure 2) is also presented. A gas chromatography/mass spectral 
analysis (GLC/MS) gave a peak consistent with a molecular formula 
C g H g O  ( F i g u r e  4 ) .  
Figure 1. EM-360 NMR spectra in chloroform-d. 
Top: Mixture of indenone (18) and 
2-methylenebenzocyclobutenone (7) 
Middle: Pure 2-methylenebenzocyclobutenone (7) 
Bottom: Pure indenone (18) 
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Figure 2. HX-90Q NMR in CDClg/CCl^. 
Top: HX-90Q NMR spectrum of 
2-methy1enebenzocycTobutenone (7) 
in CCl^/CDClg (1:1) 
Bottom: HX-90Q NMR spectrum of indenone 
(18) in chloroform-^ 
101 
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Figure 3, GLC/MS (70 eV) of 2-methylenebenzocyclobutenone (7) 
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Figure 4. GLC/MS (70 eV) of indenone (18) 
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The structure of o-ethynylbenzaldehyde (19) was also indicated by 
its spectral properties. IR (CDCl^) and NMR spectral were consistent 
with the previously reported data [31]. A gas chromatography/mass 
spectral analysis (GLC/MS) gave a peak consistent with the molecular 
formula of CgHgO. 
The structure of phenyl acetylene (20) was indicated by its spectral 
properties. The IR and NMR spectra were consistent with previously 
reported data [32-34]. GLC retention time as compared to an authentic 
sample (Aldrich) and GLC/MS analysis indicated a parent peak at m/e 102 
corresponding to a molecular formula CgHg. 
The product yields from the pyrolysis of 3-benzoyloxymethyl-
benzofuran (16) from temperatures ranging from 400 to 750°C were 
determined by NMR analysis, using diphenylmethane as an internal 
standard, and are presented in Table 2. As the pyrolysis temperature 
was increased from 400 to 750°C, the percent yield of indenone (18) 
increased and the yield of 2-methylenebenzocyclobutenone (7) decreased. 
Treatment of Indenone (18) with Cyclopentadiene 
The endo and exo 1:1 Die!s-Alder products of indenone (18) and 
cyclopentadiene (21) were prepared as follows: a quantity of 5 mL of 
cyclopentadiene was distilled into the liquid-nitrogen-cooled trap 
through the side arm; nitrogen was introduced into the system and the 
product mixture was warmed to 0°C and held at 0°C for 30 min. The excess 
cyclopentadiene was removed under reduced pressure yielding the 
Diels-Alder adducts (21a and 21b) in a ratio of about 9:1. The major 
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Table 2. Products and yields from pyrolysis of 3-benzoyloxymethyl-
benzofuran (6) at various temperatures 
Pyrolysis 
Temp., °C^ 
7^ 
Product and yields, 
18^ 19® 20^ 
Recovered 
starting 
material, 
700-750 36.9 11.9 - -
600-680 24.1 21.6 3.6 < 1.0 38.5 
500-580 26.5 3.3 < 1.0 43.0 
400-480 - - — 100.0 
Pyrolysis tube was packed with quartz chips. A quantity of 
250-300 mg of sample 6 was pyrolyzed. The heat temperature was 
maintained at 60-70°CT 
^Yields were determined by NMR spectroscopy using 
diphenylmethane (-CH2-) as internal standard and are based on two or more 
runs; (zCHg of 7), (-CHO of 19), (=CH-CO of 18) and (-C=C-H of 20). 
Benzoic acid was also produced. 
^2-methylenebenzocyclobutenone. 
'^Indenone. 
®o-ethynylbenzaldehyde. 
^Phenyl acetylene. 
93-benzoyloxymethyl benzofuran. 
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0°C 
21a and 21b 
isomer was postulated to be the endo isomer 21a based on literature 
precedent of the reaction of cyclopentadiene with dienophiles [35-38]. 
The endo configuration of this major isomer, 21a, was also assigned by 
1 13 
comparing the H NMR and C NMR spectral with several model compounds 
of known stereochemistry including 22a and 22b [39] and 23a and 23b [39] 
based upon the following points: 
107 
22a and 22b 
m 
Hb 
21a and 21b 
(Numbering system used) 
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a) The C-j^ for the exo isomer 21b should be upfield than the C-j^ 
for the endo isomer 21a, since the C^^-exo will be within 
the shielding zone of the aromatic ring system which would 
result in an upfield shift. The spectral of 21 showed a 
strong absorption at 52.681 ppm for The corresponding 
value reported [40] for C-jQ-endo in isomer 23a was found to 
be 52.37 ppm suggesting an endo configuration for isomer 21a. 
b) For isomer 21a, Hj endo appears as a complex signal downfield 
from the other aliphatic protons, which is the same pattern 
observed for proton H|^ endo of isomer 23a [40]. For isomer 
22b, H. exo is merged with other aliphatic proton signals. 
J 
Although this evidence is not conclusive "proof" of the structure 
of 21a, taken together, it provides a strong support for the assignment 
of the structure of 21a. The NMR (CDCl-) of isomer 21a is presented 
in Figure 5. 
The endo and exo Diels-Alder products (21a and 21b) v/ere found to 
be quite stable. GLC/MS analysis and NMR analysis of the mixture kept 
at room temperature for months showed no evidence of decomposition. 
Further identifications of endo isomer 21a were obtained from 
molecular weight determinations. GLC/MS analysis indicated a parent 
peak at m/e 196 which was consistent with a molecular formula of 
This is presented in Figure 6. 
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200 50 25 0 
Figure 5. HX-90Q NMR spectrum of the 1:1 Diels-Alder adduct 
of cyclopentadiene and indenone (18), endo 21a 
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Figure 6. GLC/MS (70 eV) of the 1:1 (^i^ls-Alder adduct of 
cyclopentadiene and indenone (18), endo 21a 
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Pyrolysis of 2-Methylenebenzocyclobutenone (7) 
The flash vacuum pyrolysis of 2-methylenebenzocyclobutenone (7) 
dissolved in a high boiling solvent, diphenyl ether, was performed at 
700°C using the method previously reported [26]. Deuterated chloroform 
was added to the yellow band of products in the liquid-nitrogen-cooled 
trap at 77°K. The mixture was allowed to warm to room temperature. 
GLC/MS analysis of the products indicated the formation of 
2-methylenebenzocyclobutenone (7), indenone (18), o^ethynylbenzaldehyde 
(19), and phenyl acetylene (20) in a ratio of 25: 15: 5: 1, respectively. 
These products were identified by GLC retention time and GLC/MS and were 
found to be identical to the pyrolysis products 2-methylenebenzocyclo-
butenone (7), indenone (18), o-ethynylbenzaldehyde (19), and 
phenyl acetylene (20) obtained from 3-benzoyloxymethylbenzofuran (6). 
This transformation of 2-methylenebenzocyclobutenone (7) to indenone 
(18), o-ethynylbenzaldehyde (19), and phenylacetylene (20) is presented 
below. 
FVP 
CH, 
i]' 
•CH, CC-
18 
.H 
CHO 
19 
C=C—H 
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The 2-methylenebenzocyclobutenone (7) was expected to be a 
precursor of allenylketene 24 at higher temperatures by analogy with 
the facile thermal ring opening of 1-substituted benzocyclobutenes [40-
45] to o^-quinoditnethanes. 
/ 
0 ^^0 
24 
1.5 a CHO 
19 
The formation of o^-ethynylbenzaldehyde (19) from the pyrolysis of 
7 is consistent with the formation of allenylketene 24 and the 
occurence of a 1,5-hydrogen shift 24 to 19. This equilibrium of 
ortho-substituted phenyl acetylenes to give allenylketene is very well 
documented [40], e.g., o^-methyl phenyl acetylene (25) to aliéné 26 
[41, 42]. 
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Some evidence for an equilibrium between 7 and 24 was obtained by 
trapping allenylketene 24 in a high boiling solvent, diphenyl ether, 
with methanol to give methyl o-vinylbenzoate (28) [46]. 
CH, CH, 
MeOH 
» 
COOMe 
The structure of 28 was identified by its spectral properties. The 
IR spectrum showed an absorption at 1740 cm'^ consistent with the 
absorption of esters. Observation of a singlet in the NMR spectrum 
1 1 4  
at ô 3.4 was consistent for the methyl protons of a methyl ester. 
GLC/MS analysis indicated a parent ion at m/e 162 corresponding to a 
molecular formula of C-jgH^QOg. The formation of an intense peak in the 
mass spectrum (P-59) also supported the formation of a methyl ester 
(loss of CHgO0-). 
However, when 7 is heated in diphenyl ether at temperatures ranging 
from 150 to 300°C in the absence of a trapping agent, the major product 
formed is phenyl acetylene (20) along with trace amounts (1-4% each) of 
indenone (18) and o-ethynylbenzaldehyde (19). The products and yields 
were determined by GLC/MS analysis, using o-dichlorobenzene as internal 
standard and are presented in Table 3. 
The above result finds analogy in the loss of a molecule of carbon 
monoxide from benzocyclobutenone derivatives to give rearranged 
hydrocarbons [44] i.e. benzocyclobutenone (29), fulvene aliéné (31) 
and benzocyclopropene (30). 
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Table 3. GLC analysis of products and yields obtained by heating 
2-methylenebenzocyclobutenone (7) in diphenyl ether 
Temp., °C Time, h Products and yields 
18*^ 19^ 
0/â 
i /o 
20^ 
Starting 
material, 
7® 
258-300 1.0 - - - - 10.5 — — 
258-300 5.0 — - - 10.5 --
258-300 10.0 10.3 
258-300 12.0 - - 11.3 
258-300 24.0 14.7 
200 1.0 < 1.0 < 1.0 5.0 40.0 
200 0.25 < 2.0 < 2.0 1.5 80.3 
150 0.75 < 0.5 < 0.5 1.0 93.0 
150 31.0 < 4.0 < 4.0 8.8 8.1 
^Yields were determined using £-dichlorobenzene as internal 
standard and are based on two runs. 
^Indenone. 
^0-ethynylbenza1dehyde, 
'^Phenyl acetylene. 
^2-methylenebenzocyclobutenone. 
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Diels-Alder reaction between 2-methylenebenzocyclobutenone (7) and 
cyclopentadiene " 
Pure 2-methylenebenzocyclobutenone (7), obtained by either method 
of purification described above, was allowed to react with excess 
cyclopentadiene at room temperature for 6 h. GLC/MS analysis of the 
product mixture indicated a 5% formation of 32a and 32b in a ratio of 
2:1. The small amounts of the two isomers obtained did not permit 
32a 
32b 
complete spectral data to be obtained. However, GLC/MS analysis 
indicated a parent ion peak at m/e 196 for each isomer corresponding to 
a molecular formula of The GLC/MS of the two isomers (endo-
32a and exo- 32b) are presented in Figures 7 and 8, respectively. The 
fragment peaks at m/e 130 arise from a loss of cyclopentadiene from 
both isomers. The relative intensities of these two peaks should be 
larger for the sterically hindered isomer because of its lesser 
1 1 7  
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Figure 7. GLC/MS (70 eV) of the endo 1:1 Diels-Alder adduct of 
cyclopentadiene and 2-methylenebenzocyclobutenone (7), 
32a 
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Figure 8. GLC/MS (70 eV) of the exo 1:1 Diels-Alder adduct of 
cyclopentadiene and 2-methylenebenzocyclobutenone (7), 
32b 
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stability compared to the less hindered isomer. Tentative assignment 
based on Alder's endo rule suggests that the major isomer is 
endo- (32a); GLC/HS adds further support for this assignment. 
120 
DISCUSSION 
A migration mechanism was previously proposed for the conversion 
of furfuryl benzoate (1) to methylenecyclobutenone (2) [13]. 
The production of 2 can be explained by a multistep mechanism 
involving initially a two [3,3] migration of the benzoate group 
followed by alpha elimination of benzoic acid to give carbene 3, which 
then undergoes a ring contraction to form 2. 
Furthermore, it has been reported [20] that the flash vacuum 
pyrolysis of 3-furylmethyl benzoate (4) gave vinylacetylene (5) and 
methylenecyclobutenone (2) along with trace amounts (<1% each) of 
benzene and ci s- and trans-2-penten-4-ynals 35a and 35b. 
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A mechanism which was proposed to account for the formation of the 
pyrolysis products from 4 is presented in Scheme IV below. 
The production of methylenecyclobutenone (2) was explained by a 
multistep mechanism involving initially either a direct gamma 
elimination of benzoic acid from 4 to form carbene intermediate 33 or a 
two-step mechanism involving a [3,3] sigmatropic shift of the benzoate 
group followed by alpha elimination of benzoic acid to form carbene 33. 
Since there is no literature precedent for this type of gamma 
elimination of a carboxylic acid, the two-step mechanism for the 
formation of 33 was considered the more likely. 
Formation of vinyl acetylene (5) was also explained by the expulsion 
of a molecule of carbon monoxide from 33 to produce allenylcarbene 34 
which then undergoes rearrangement to form vinyl acetylene (5). 
Alternatively, minor amounts of vinyl acetylene (5) may be formed by a 
mechanism involving a ring opening reaction of methylenecyclobutenone 
(2) to form allenylketene 35 which loses a molecule of carbon monoxide 
forming 34. Carbene 34 then undergoes rearrangement yielding 5. 
Furthermore, the loss of carbon monoxide from carbene 33 is analogous to 
the loss of carbon monoxide from carbene intermediate 3 which is also a 
source of vinylacetylene (5) formed during the pyrolysis of furfuryl 
benzoate (1 ) at temperatures above 650°C. 
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Pyrolysis of 3-Benzoyloxymethylbenzofuran (6) 
Based upon the migration mechanism previously proposed for the 
conversion of furfuryl benzoate (1) to methylenecyclobutenone (2) [13] 
and 3-furylmethyl benzoate (4) to 2 [23], a mechanism which accounts for 
the formation of the pyrolysis products from 3-benzoyloxymethylbenzofuran 
(6) is presented in Scheme V. The production of 2-methy1enebenzocyclo-
butenone (7) can be explained by a multistep mechanism involving 
Scheme V 
elim. 
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initially either a direct gamma elimination of benzoic acid from 6 to 
form carbene 8 or a [3,3] sigmatropic shift of the benzoate group 
followed by alpha elimination of benzoic acid to form 8. The carbene 
intermediate 8 then undergoes a ring contraction to form 
2-methylenebenzocyc1obutenone (7). 
The formation of indenone (18) can be explained by a multistep 
mechanism involving initially a 1,2-alkyl shift from 7 to produce 
carbene intermediate 36 which rearranges to give 18 or a ring opening 
of 2-methylenebenzocyclobutenone (7) to produce allenylketene 24 which 
rearranges to give intermediate 36. Carbene 36 undergoes rearrangement 
to 18. 
The formation of £-ethynylbenzaldehyde (19) can be explained by a 
multistep mechanism involving initially a ring opening of 
2-methylenebenzocyclobutenone (7) to produce allenylketene 36 which 
undergoes a 1,5-hydrogen shift to form 19. This 1,5-hydrogen shift of 
o^-quinodimethane derivatives is very well-documented [47-49]. 
The formation of phenyl acetylene (20) can be explained by expulsion 
of a molecule of carbon monoxide from 7 to produce allenylketene 37 
which rearranges to form phenylacetylene (20). Alternatively, 20 can 
also be formed from allenylketene 24 which loses a molecule of carbon 
monoxide to form carbene 37 which rearranges to form phenylacetylene 
(20). The rearrangement of 2-methylenebenzocyc!obutenone (7) to carbene 
intermediate 36 is analogous to the rearrangement of 1,2-dimethylene-
benzocyclobutene (38) to give carbene 39 which rearranges to give 
40 [45]. Compound 40 then undergoes a second 1,2-alkyl shift to give 
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20 
either intermediate 41a or 41b which rearranges to naphthalene. 
•• 
CH, 
/ 
00 CO.. 
41a 41b 
The loss of a molecule of carbon monoxide from either 
2-methylenebenzocyclobutenone (7) or allenylketene 24 is analogous to 
the loss of carbon monoxide from allenylketene 35 which is a possible 
source of vinyl acetylene (5). This conclusion was supported by the 
observation that when 7 in a high boiling solvent, diphenyliether, is 
heated from 150 to 300°C, the major product formed is 
1 2 6  
C 
2 
\ 
35 ^0 
—CO 
phenyl acetylene (20). Also, the loss of a molecule of carbon monoxide 
from o^-ethynylbenzaldehyde (19) is a likely source of 20. 
The isomerization of allylic esters via [3,3] sigmatropic shifts of 
a carboxylate group is very well-documented [46, 50, 51] and in some 
systems, the initially formed [3,3] shift products have been isolated 
[47, 50, 51]. 
The alpha elimination of carboxylic acid observed in the pyrolysis 
of carboxylic esters is also very well-documented [48, 49, 52-55]. An 
example of this alpha elimination was observed in the conversion of the 
deuterated oxalate 42 to six radical-derived products and a seventh 
product nondeuterated 2-methylfluorene (33). The formation of 
2-methylfluorene (44) was thought to involve initial alpha elimination 
of deuterium to give carbene 43 which rearranges to give 44. This 
transformation is presented below. 
1 2 7  
\= 
42 
-> 
six radical 
products 
44 
The formation of 2-methylfluorene (44) from carbene intermediate 43 
has literature precedent in the conversion of phenyl £-tolyldiazomethane 
(45) to 2-methylfluorene (44) [49], 
4 4  
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Formation of 2-methylenebenzocyclobutenone (7) from carbene 
intermediate 8, which is a key step in the formation of all the 
pyrolysis products from 3-benzoyloxymethylbenzofuran (6), has literature 
precedent in the conversion of benzoyloxylactone 46 to dione 48 [47], 
FVP 
-PhCOOH 
46 47 48 
A 71% yield of acenaphthenequinone (48) was obtained by the pyrolysis 
of benzoyloxylactone 46. A key step in this pyrolysis is the ring 
contraction by a 1,2-alkyl shift of the intermediate carbene 47 to give 
48 which is analogous to the ring contraction reaction of 8 to the 
1 2 9  
2-methylenebenzocyclobutenone (7). 
Further literature precedent for this type of 1,2-alkyl shift was 
observed in the conversion of 3-benzoyloxyphthalide (49) to 
benzocyclobutadienequinone 49b [52]. 
Ov 
f] 
0-C-Ph 
PVP 
-PhCOOH 
49 
49b 
The flash vacuum pyrolysis of 49 at 560°C/0.1 mm gave a 33% yield 
of 49b. A key step in this conversion was alpha elimination of benzoic 
acid to give carbene intermediate 49a which undergoes ring contraction 
to form 49b. 
2-Methylenebenzocyclobutenone (7) 
2-methylenebenzocyclobutenone (7) not only has a highly 
functionalized cyclobutene moiety [14], but also has a very important 
structural feature, the alpha methylene ketone unit. This unit is a key 
1 3 0  
feature of various sesquiterpenes and antibiotics [56-59] as well as 
being important in synthesis for its Michael-acceptor [59] and 
dienophile properties [60]. A survey of the literature revealed that 
other alpha methylenecycloalkanones, e.g., 2-methylenecyclobutanone (50) 
[61-63], 2-methylenecyclopentanone 51 [63-64], 2-methylenecyclohexanone 
(52) [65-66], and 2-methylenecycloheptanone (53) [65], undergo very 
facile polymerization or dimerization reactions as well as functioning 
as excellent Michael-acceptors due to the highly reactive exo-methylene 
group. 
0^ 
50 52 53 
Unlike these alpha methylenecycloalkanones, 2-methylenebenzocyclo-
butenone (7) is stable at room temperature for months without any 
formation of polymers or dimerized products. It is also a very poor 
dienophile. A 1:5 mole ratio of 7 and cyclopentadiene when allowed to 
react at room temperature for 6 h showed only a 5% yield of the Diels-
Alder adducts 32a and 32b in a ratio of 2:1. 
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An interesting contrast to these results is the reaction between 
cyclopentadiene and the parent 2-methylenecyclobutenone (2). When a 
1:1 ratio of the mixture of 2 and cyclopentadiene is allowed to react at 
room temperature, the exo and endo Diels-Alder adducts (54) are 
obtained [39, 67]. However, when a large excess of cyclopentadiene is 
added, only the 1:2 adducts (55) are obtained. Also, when 2 is allowed 
to react with lithium dimethylcuprate at 0°C, the major product 
obtained is the 1:1 adduct 56 and small amounts of the 1:2 adducts 
(57 cis- and trans-) [42]. These results suggest that the more reactive 
2 + 
54 55 
2  
+ 
57 
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double bond in 2 is not the exo-methylene bond, but the internal double 
bond. In the case of 2-methylenebenzocyclobutenone (7), this double 
bond is part of the aromatic system and therefore would be expected to 
be unreactive towards nucleophiles and other reactive dienes. The only 
reactive site in 7 seems to be the exo-methylene group. However, 
addition of a nucleophile to this methylene bond will generate an 
anti-aromatic cyclobutadiene derivative such as 58 [15]. 
^"2 
Nu-
yHgNu 
<N 
0-
58 
This low reactivity of 2-methylenebenzocyclobutenone (7) towards 
nucleophiles (e.g., pyrrolidine) and dienes (e.g., cyclopentadiene) 
allowed it to be separated from indenone (18) by either of the two 
methods that we developed. The first method that we developed involves 
adding a known amount of pyrrolidine to the product mixture obtained by 
pyrolysis of 3-benzoyloxymethylbenzofuran (6) at 500 to 580°C followed 
by addition of acetic acid to neutralize the excess pyrrolidine; this 
selectively destroys the indenone (18) and pure 7 is then obtained by 
flash chromatography of the resulting mixture. The second method 
involves adding a large excess of cyclopentadiene to the product mixture 
obtained by FVP of 6 at 500 to 580°C; cyclopentadiene adds much faster 
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to indenone (18) and flash chromatography of the resulting mixture 
provides pure 2-methylenebenzocyclobutenone (7) and the cyclopentadiene 
adducts of indenone (18)(21a and 21b). 
There are advantages and disadvantages to each method of 
purification of 2-methylenebenzocyclobutenone (7). For the first method 
of purification, the most important advantage is that a much shorter 
time is required to obtain pure samples of 7. This is because indenone 
(18) is destroyed and only one low molecular weight component, 7, needs 
to be separated by the flash chromatography. A major disadvantage of 
this method is that lower yields of 7 are obtained perhaps due to the 
very harsh basic conditions used. A second disadvantage is that the 
method requires tedious measuring of reagents and reaction time. A third 
disadvantage is that the indenone (18) is destroyed (this is important, 
of course, only if one wants the indenone). For the second method 
of purification, the most important advantage is that much higher yields 
of 7 are obtained. A second advantage is that one doesn't have to be 
especially careful in measuring the reagents or reaction times. A 
third advantage is that indenone (18) is not destroyed, but obtained as 
stable Diels-Alder adducts 21a and 21b (this is important, of course, 
only if one wants the indenone). A major disadvantage of this method 
is that a much longer time is required to obtain pure samples of 
2-methylenebenzocyclobutenone (7). More time is required because of 
the time involved in preparing pure monomeric cyclopentadiene and in 
separating the indenone Diels-Alder adducts 21a and 21b from 7. 
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Pyrolysis of Benzofuran-2,3-dicarboxylic Acid (16) 
From the synthetic point of view, the formation of 3-benzofuran-
carboxylic (13) by the FVP of benzofuran-2,3-dicarboxylic acid (16) is 
of considerable significance. The report procedure [25], heating 16 to 
COOH 
FVP 
-CO 
1 3  
COOH 
OOH 
16 59 
250°C under vacuum, gave poor yields of 13 and was very difficult to 
scale up. However, we found that gram quantities of 16 can be converted 
to 13 in greater than 80% yield by FVP at 700°C and ca. 10"^ Torr. The 
products and yields from the FVP of 16 are presented in Table 4. 
A recent review of the literature indicated that the thermal 
decarboxylation from a closely related system 5-methylbenzothiophen-2,3-
dicarboxylic acid (60) to 5-methyl benzothiophene-3-carboxylic acid (61) 
has been observed [68]. The decarboxylation of milligram quantities of 
60 at 270-280°C provided a 60% yield of 61 along with a substantial 
amount of decomposed products. Our method of decarboxylation is far 
superior since it provides higher yields and the reaction is much 
cleaner. 
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Table 4. Product and yields from pyrolysis of benzofuran-2, 
3-dicarboxylic acid (16) at various temperatures 
Pyrolysis® 
Temp., °C 
Head 
Temp., °C 
Product and yields, 
13^ 59^ 
Recovered 
starting 
material, 
16® 
700 100 89.3 3.2 
680 150 74.9 18.0 6.70 
650 100 71.5 17.0 9.80 
600 110 59.3 2.0 20.00 
^Pyrolysis tube was packed with quartz chips. 
^Yields were determined by weighing the isolated products and are 
based on two or more runs. 
''Benzofuran-3-carboxylic acid. 
"^Benzofuran. 
^Benzofuran-2,3-dicarboxylic acid. 
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COOH 
lOOH 
COOH 
A 
2 
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Further review of the literature revealed that a number of attempted 
syntheses of compound 13 have been reported [69, 70]. Reichstein and 
Baud [69] showed that activated magnesium-copper reacts with 
3-bromobenzofuran (62) to give, subsequent to the addition of carbon 
dioxide, a 1% yield of 1^3 in addition to 28% yield of 
0;-hydroxyphenyl acetylene (64). On the other hand, Gilman and Melstron 
[70] reported a 67% yield of 64 by treating 62 at room temperature with 
three equivalents of ji-butyllithium. It has been suggested that 
compound 79, isolated from these reactions between magnesium and 62, and 
Mg-Cu/ CO 
n-BuLi/ COg 
COOH 
2 
62 13 (<1%) 
H 
OMgBr 
6 4  
6 3  
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ji-butyllithium and 62, ov/es its formation to an intramolecular cleavage 
to give intermediate 63, followed by hydrolysis of 63. It is apparent 
from these results that the pyrolysis route to 13 is a far superior 
method. 
The description by Seybold [1] that "flash vacuum pyrolyses are 
carried out in such a way that the steady state concentration of the 
substance to be pyrolyzed and, thus, the concentration of the products in 
the hot zone is very low and thus protected from further modifications 
by subsequent reactions" was very important in this study. This 
characteristic was important because the indenone (18) is a very reactive 
molecule. It was possible to obtain the products in a pure form only 
because they were rapidly cooled to liquid-nitrogen temperature 
immediately after they were formed. 
The variables in this study were: the pyrolysis temperature, sample 
chamber, pressure, and the surface area of the hot zone. Variations in 
the pyrolysis temperature were made in order to determine the best 
possible temperature for the formation of 2-methylenecyclobutenone (7). 
As shown in Table 2, when the pyrolysis temperature was increased from 
580-680°C, the ratio of 2-methylenebenzocyc1obutenone (7) to indenone 
(18) is decreased from 8.0 to 1.0 which suggests that 7 is converted to 
18 at the higher temperatures. The sample chamber was maintained at 
60-70°C during the entire pyrolysis and was a means by which the rate of 
mass transfer and concentration of the species in the hot zone was 
controlled. The pyrolysis tube was packed with quartz chips. This 
increased the surface area of the hot zone. 
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Preparations and Reactions of Indenone (18) 
Several methods of preparation of indenone (18) have been reported 
in the literature [27-30], Some of these methods are presented below. 
NBS 
65 
65 
-5> 
EtoN 
Pb(OAc)^ 
HOAc 03 
67 
OAc 
FVP 
18 
68 
FVP 
—CO 
Free radical bromination of indanone (65) provides 3-bromoindanone (66), 
Treatment of 66 with tri ethyl ami ne provides indenone (18) in 55% yield 
[71], On the other hand, pyrolysis of 2-acetoxyindanone (67) [71, 72] 
provides indenone (18) in 20.5% yield, while FVP of 1,2-naphthoquinone 
(68) [9] gives indenone (18) in 22% yield. Our method of preparing 
indenone (18) in 37% (Table 2) yield by the FVP of 3-benzoyloxymethyl-
benzofuran (6) at 700°C is comparable to the methods listed above. 
139 
The reactivity of indenone (1^8) is also very well-documented [27, 
71]. Presented below are some key reactions of indenone (18) with a 
variety of reagents including phenyl azide [27], bromine [29], 
1,3-butadiene [27], and methanol [27]. 
\n 
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EXPERIMENTAL 
Equipment and Methods 
The pyrolysis apparatus and the generalized procedure for flash 
vacuum pyrolysis [59] have been previously described. 
1 
'H NMR spectra were run on a Varian Associates HA-100 and A-60 
spectrometers, EM-360 A/L, or Hitachi-Parkin Elmer R-20B spectrometer. 
11 C NMR spectra were recorded on a JEOL FX-900 spectrometer. Chemical 
shifts are recorded in parts per million (ppm) (6) from tetramethylsilane 
(TMS). Coupling constants (J) are reported in Hertz. Infrared spectra 
were measured on Beckman IR-4250 and Beckman Acculab 2 spectrometers 
using NaCl cells. High resolution mass spectra were measured with an 
Associated Electronics Industries MS-902 instrument at 70 eV. Gas 
chromatograph/mass spectral analyses (GLC/MS) were performed using a 
Finnigan 4000 instrument and an INCOS data system. GLC analyses were 
performed using a Hewlett Packard HP 5840A instrument equipped with a 
25 meter, SP2100 thin film (methylsilicone-coated) capillary column. 
Melting points were determined with Thomas Hoover capillary melting 
point apparatus, and are uncorrected. 
Commercially available compounds are listed in Table 5. 
Preparations of 3-Benzoyloxymethylbenzofuran (6) 
Benzofuran-2,3-dicarboxylic acid (16) 
The method of Koelsch and Whitney [24] was used to prepare 16. 
Sodium ethoxide was prepared by allowing 7.6 g (0.33 mole) of powdered 
sodium to react with 15.2 g (0.33 mole) of ethanol in 50 mL of anhydrous 
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Table 5. Commercially available compounds 
Compound Source 
Acetic acid 
Acetone-^ 
Benzoyl chloride 
Benzyl ether 
Carbon tetrachloride 
Chloroform-^ 
£-dichlorobenzene 
Dicyclopentadiene 
Diethyl oxalate 
Diphenyl ether 
Diphenylmethane 
Ethyl phenoxyacetate 
Hydrochloric acid 
Hexanes 
Lithium tetrahydri doalumi nate 
Magnesium sulfate 
Pyrrolidine 
Sodium bicarbonate 
Sodium carbonate 
Sodium hydroxide 
Sulfuric acid 
Tri ethyl amine 
Fisher Scientif ic Co. (Fisher) 
Norell, Inc. 
Eastman Organic Chemicals 
Aldrich 
Fisher 
Aldrich 
Fisher 
Eastman Kodak Company 
Aldrich 
Baker Chemical Company (Baker) 
Matheson Coleman & Bell 
Pfaltz and Bauer, Inc. 
Captree Chemical Corporation 
Fisher 
Ventron, Alfa Division 
Fisher 
Aldrich 
Fisher 
Aldrich 
Baker Chemical Co. (Baker) 
Fisher 
Eastman Kodak Company 
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ether (dried over LiAlH^). After 12 h, a solution of 66.6 g (0.456 mole) 
ethyl oxalate in 100 mL of anhydrous ether (dried over LiAlH^) was 
added. After the mixture stood for 30 min, 54 g (0.30 mole) of ethyl 
phenoxyacetate in 100 mL of anhydrous ether was added. The result ing 
solution was heated to reflux for 24 h, during which t ime i t  became 
dark red. At the end of 24 h, the solution was poured into 250 mL of 
ice water. The aqueous layer was separated and acidif ied with 10% 
hydrochloric acid; the precipitated oxalo compound was extracted several 
t imes (4 x 50 mL) with anhydrous ether. The ether layers were combined 
and washed with water (4 x 25 mL) and dried (MgSO^). The solvent was 
removed under reduced pressure to give 68.8 g (0.246 mole, 82%) of 
ethyl a-hydroxy-a-phenoxymaleate (17), a yellow oi l  which was used in 
the cyclization experiments without further purif ication: IR (thin f i lm) 
3300, 3040, 2840, 2700, 1720, 1600, 1580, 1500, 1440, 1275, 1105, 1020, 
870, 790 cm"\ NMR (CDCI3) 6 7.2-6.8 (m, 5H), 5.50 (s, IH), 4.3-370 
(m, 4H), 1.9-1.0 (m, 6H). 
Cyclization of ethyl g-hydroxy-a-phenoxymaleate (17) 
To a quantity of 20.0 g (0.0714 mole) of 17 was added 40 mL of 
concentrated sulfuric acid and 40 mL of acetic acid. The mixture was 
st irred at room temperature for 12 h and then heated to reflux on a 
steam bath for 15 min. The mixture was poured into an ice-water 
mixture (50 mL). The precipitate was f i l tered and dissolved in 5% sodium 
hydroxide solution and allowed to stand for 15 min; acidif ication with 
10% hydrochloric acid gave 3.98 g (0.023 mole; 32%) of the benzofuran-
2,3-dicarboxylic (16): mp 249-250°C [ l i t .  [38] mp 259-260°C], and was 
1 4 3  
pyrolyzed without further purif ication. No spectral data were obtained 
for compound 16 because i t  was not soluble in a variety of solvents 
including chloroform-^, acetone-^, and dimethyl sulfoxide-^. 
Benzofuran-3-carboxylic acid (13) 
The pyrolysis of 16 at 700°C and ca. 10"^ Torr in the usual manner 
[26] is typical. A quantity of 1.50 g (0.0073 mole) of 16 was 
pyrolyzed. The sample chamber was maintained at 100°C during the entire 
pyrolysis. Two product bands were observed; 1) a brown solid band of 
product in the (A region) of the pyrolysis apparatus (Figure 9); and 
2) a yellow band of product in the l iquid-nitrogen cooled trap at 77 K 
(C region) of the pyrolysis apparatus. A quantity of 2 mL of anhydrous 
ether was added to the l iquid-nitrogen-cooled trap and the mixture was 
al lowed to slowly warm to room temperature. An addit ional 1 mL of ether 
was used to rinse the material on the walls of the trap to the bottom. 
The result ing solution was placed in a 5 mL round-bottom f lask, and the 
solvent was removed under reduced pressure to give 0.0276 g (0.234 mmole; 
3.2%) of benzofuran (59): NMR (CP^lg) g 7.8-7.20 (m, 5H), 6.80 
(d, J=2.3 Hz, IH); NMR (CDCI3) 156.112, 145.713, 127.600, 124.263, 
122.808, 121.240, 111.432, 106.503, [ l i t .  [52] NMR (CDCI3) 155.1, 
144.7, 127.6, 124.6, 124.2, 122.8, 121.2, 111.4, 106.5]. The brown 
solid from the A region of the pyrolysis apparatus was washed out 
three times with 20-mL portions of anhydrous ether. The combined ether 
solutions were extracted f ive times with 10% sodium hydroxide solution 
(5 X 20 mL). The aqueous solution was acidif ied with 10% hydrochloric 
acid to give a yellow precipitate. The precipitate was f i l tered and 
Furnace 
Sample 
Compartment 
Region A 
Solvent 
or 
Reagent 
Region B 
Roughing 
Pump 
Region C Liquid 
Nitrogen 
Trap 
El 
Diffusion 
Pump 
w 
Trap 
4^ 
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Figure 9. Schematic diagram of the pyrolysis apparatus 
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and washed successively with cold water (3 x 5 mL) and dried under 
reduced pressure to give 1.05 g (6.5 mmole; 89.3%) of benzofuran-3-
carboxylic acid (13): mp 158-160°C; [ l i t .  [39] mp 162°C]; (CDCl^/ 
acetone-^, 1:1) Ô 8.38 (s, IH), 8.10-7.23 (m, 4H), 6.20 (br. IH); 
NMR (CDCI3) 169.08, 155.814, 152.497, 125.574, 124.469, 122.128, 
114.909, 114.064, 111.788; high resolution mass spectrum calculated for 
CgHgOg, 162.03170, measured, 162.03145. 
Benzofuran-3-methanol (14) 
To a st irred slurry of 1.52 g (0.04 mole) of l i thium aluminum 
hydride in 75 mL of anhydrous ether was added 3.26 g (0.020 mole) of 
benzofuran-3-carboxylic acid (13) in 24 mL of anhydrous ether over a 
5-min. period. The result ing mixture was st irred at room temperature for 
10 h. A standard workup procedure [73] gave 2.10 g (0.0142 mole; 70.87%) 
of benzofuran-3-methanol (14): IR (CDCl^) 3600, 3030, 2880, 1580, 1450, 
1270, 1180,: 1100 cm"\ NMR (CDCI3) 6 7.5-6.9 (m, 5H), 4.5 (s, 2H), 
3.8 (br. IH). 
3-benzoyloxymethylbenzofuran (6) 
A solution of 2.59 g (0.0185 mole) of benzoyl chloride in 25 mL of 
dry ether (LiAlH^) was added dropwise over a 10-min period to a 
st irred solution of 2.10 g (0.0142 mole) of benzofuran-3-methanol (14) 
and 1.87 g (0.0185 mole) of tr iethylamine in 75 mL of dry ether. The 
mixture was st irred at room temperature for 12 h, then 25 mL of water was 
added and the mixture was st irred for an addit ional 3-h period. The 
organic layer was separated, and the aqueous layer was extracted with 
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ether (3 x 25 mL). The layers were combined and washed successively 
with water (3 x 25 mL), 10% hydrochloric acid (3 x 25 mL), saturated 
sodium bicarbonate (3 x 25 mL), and saturated sodium chloride (3 x 25 
mL). The organic layer was dried (MgSO^) and the solvent was removed 
under reduced pressure to give 4.20 g of crude yellow oi l  which on 
disti l lat ion (bp 185°C, 0.01 mm) provided 3.24 g (0.013 mole; 90.1%) of 
3-benzoyloxymethylbenzofuran (6): IR (CDCl^) 3040, 2880, 1720, 1600, 
1590, 1450, 1270 cm"\ NMR (CDCI3) 6 8.2-6.9 (m, lOH), 5.45 (s, 2H); 
NMR (CDCI3) 166.352, 155.492, 144.047, 134.292, 133.446, 132.926, 
130.455, 130.0, 129.610, 128.699, 128.309, 124.667, 122.976, 119.855, 
111.531 ,  57.101 ;  high resolution mass spectrum calculated for 
252.07865, measured 252.07846. 
General Pyrclysis Procedure 
The general apparatus and generalized procedure for f lash vacuum 
pyrolysis [26] have been previously described. A sample to be pyrolyzed 
in a pyrex boat was placed into the sample chamber and the system was 
evacuated to ca. 10"^ Torr. In order to collect the start ing material 
and benzoic acid, a condenser cooled with dry ice 2-propanol slurry was 
inserted between the pyrolysis tube and the l iquid-nitrogen-cooled trap. 
The sample chamber was heated to 60°C during the pyrolysis. The sample 
sublimed through the hot zone and the pyrolysate was collected in the 
l iquid-nitrogen-cooled trap at 77°K. Pyrolysis was assumed to be 
complete when no start ing material was in the sample chamber. During 
the pyrolysis, 2 mL of chloroform-d was transferred into the trap 
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through a side arm. After al l  of the start ing material had disti l led 
away from the sample chamber, nitrogen was introduced into the system, 
the trap was removed and a known amount of diphenyl methane was added 
as an internal standard. The trap was then warmed to room temperature 
and an addit ional 1 ml of chloroform-^ was added to rinse the material 
on the walls of the trap. Most of the solution was placed into three 
5-mm NMR tubes and NMR spectra were recorded. The remainder of the 
product solution was used for GLC analysis. 
Assignment of the individual components of the pyrolysate was 
based on the IR and NMR spectroscopy, molecular weight determination, 
and GLC/MS analyses. Quantif ication of the pyrolysate was done by 
integration of the proton NMR as compared to an internal standard, 
diphenylmethane. 
Pyrolysis of 3-benzoy1oxymethylbenzofuran (6) 
The pyrolysis of 6 at 600-800°C in the usual manner [26] is 
typical. A quantity of 49.8 mg (0.1975 mmole) of 6 was pyrolyzed at 
600°C and ca. 10"^ Torr for 4 h. The pyrolysate was al lowed to slowly 
warm to room temperature and a quantity of 0.015 g (0.0893 mole) of 
diphenylmethane was added to the mixture. NMR analysis of the 
mixture indicated a quantity of 23.92 mg (0.0184 mmole; 24.1%) of 7; 
21.46 mg (0.165 mmole; 21.63%) of 18; 3.57 mg (0.0275 mmole; 3.6%) of 19; 
and 0.78 mg (0.0076 mmole; 1%) of 20. After separation, the products 
were identif ied from the fol lowing data. 
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2-methylenebenzocyclobutenone (7) IRfCDClg) 3010, 1770, 1740 cm"^; 
FT-IR (CDClg) 3080, 1832, 1786, 1150, 906, cm"^ NMR (CDCI3) 6 7.5-7.3 
(m, 4H), 5.46 (d, 0=1.47 Hz, IH), 5.24 (d, 0=1.46 Hz, IH); NMR 6 
(CDClg/CCT^, 1:1) 186 (C=0), 159.60, 155.4, 156.10, 135.0, 130.2, 121.6, 
120.2, 102.10 (=CH2); GLC/MS m/e (20 eV) (relative intensity) 130 (100), 
103 (3.2), 102 (38.6), 76 (1.2), 75 (0.6); UV (EtOH) 250 (9000), 
310 nm (1500); molecular ion calculated for CgHgO, 130.04187, measured 
130.094191. 
Indenone (18) IR (CDCl^) 1730, 1580 cm"^; [ l i t .  [27] IR (CHCI3) 
1737, 1713 cm'T]; NMR (CDCI3) 6 7.2-6.9 (m, 5H), 5.80 (d, 0=6 Hz, IH); 
[ l i t .  [27] ^H NMR (CDCI3) 6 7.51 (d, 0=6 Hz, IH), 7.39-7.0 (m, 4H), 
5.83 (d, 0=6 Hz, IH)]; NMR (CDCI3) 6 198.217 (C=0), 149.639, 
144.567, 134.097, 133.511, 130.325, 120.024, 127.073, 122.131; GLC/MS 
m/e (20 eV) (relative intensity) 130 (100), 103 (6.17), 102 (76.39), 
76.02 (2.55), 57 (0.58), FT-IR (CDCI3) 3080, 1717 cm"^ 
o-ethynylbenzaldehyde (19) IR (CDCI3) 3248, 2100, 1692 cm ^; 
[ l i t .  [42] IR(KBr disk) 3250, 2100, 1695 cm"^]; ^H NMR (CDCI3) ô 9.56 
(s, IH), 8.0-7.0 (m, 4H), 3.42 (s, IH); [ l i t .  [31] ^H NMR (CDCI3) 6 
7.7-7.0 (m, 5H), 3.02 (s, IH)]; [ l i t .  [32] ^H NMR (CDCI3) 6 7.7-7.3 
(m, 5H), 3.2 (s, IH)]; GLC/MS analysis gave a mass of 102.0 (M"*"). 
Pyrolysis of 3-benzoyloxymethylbenzofuran (6) at 750°C 
The pyrolysis of 6 at temperatures higher than 700°C gave indenone 
(18) as the major product. The pyrolysis of 6 at 700-750°C in the 
usual manner [26] is typical. A quantity of 0.3857 g (1.531 mmole) of 
6 was pyrolyzed at 750°C and ca. 10"^ Torr over a 4-h period. The 
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pyrolysate was al lowed to slowly warm to room temperature and a 
quantity of 0.120 g (0.714 mmole) of internal standard, diphenylmethane, 
was added to the mixture. NMR analysis of the product mixture 
indicated the formation of 73.44 mg (0.565 mmole; 36.90%) of indenone 
(18) and 23.69 mg (0.182 mmole; 11.90%) of 20. IR, NMR and 6LC/MS 
analysis of compounds 18 and 20 obtained from this pyrolysis matched 
the spectral data for 18 and 20 obtained by the f lash vacuum pyrolysis 
of 6 at 600-680°C and ca. 10"^ Torr. 
Separation Procedures 
Procedure A: Addit ion of pyrrolidine 
A quantity of 0.837 g (3.32 mmole) of 6 was pyrolyzed in the normal 
manner [41] at 530°C and ca. 2.5 x 10"^ Torr over a 3-h period. To the 
product mixture in the l iquid-nitrogen-cooled trap was added ca. 0.5 mL 
of 1,2-dimethoxyethane as internal standard. NMR analysis of the 
product mixture indicated the formation of 112.3 mg (0.86 mole; 26%) of 
7, and 17.3 mg (0.13 mmole; 4%) of 18. The mixture was added to 1 mL 
of dry ether (LiAlH^). To the product mixture was added 11.3 mg 
(0.16 mmole) of pyrrolidine in ca. 0.5 mL of dry ether. The mixture was 
al lowed to stand for 30 sec, (0.16 mmole) of acetic acid in ca. 0.5 mL 
of dry ether was added to the mixture. After 2 min, a quantity of 1.0 g 
(11.9 mmole) of solid sodium bicarbonate was added to the mixture and the 
mixture was st irred at room temperature for a 1-h period. The mixture 
was f i l tered and subjected to f lash chromatography using si l ica gel 
60 EM reagent (230-400 mesh) and dry ether as eluent. A quantity of 
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55.6 mg (0.43 mmole; 13%) of 7 was obtained as a yellow oi l .  IR, 
NMR, GLC/MS, and UV spectral matched those for 7 obtained by the 
f lash vacuum pyrolysis of 6 at 600-680°C. 
Procedure B: Treatment of indenone 18 with cyclopentadiene 
A quantity of 0.393 g (1.56 mmole) of 6 was pyrolyzed in the normal 
manner [40] at 580°C and ca. 10 ^ Torr over a 4-h period. To the 
product mixture in the l iquid-nitrogen-cooled trap was added by means 
of a side arm, a large excess of cyclopentadiene, ca. 5 ml (obtained by 
heating dicyclopentadiene at 180°C). The mixture was al lowed to warm 
to 0°C and allowed to stand at 0°C for 30 min. The excess 
cyclopentadiene was removed under reduced pressure. The mixture 
obtained was subjected to f lash chromatography using si l ica gel 60 EM 
reagent (230-400 mesh) and 10% ether in hexane as eluent. A quantity 
of 57.494 mg (0.442 mmole; 28.35%) of crude 7 was obtained (R^ = 0.38). 
Further purif ication of 7 by a repeated f lash chromatography provided 
a quantity of 51.0 mg (0.392 mmole; 25.2%) of 7. The spectral data, 
IR, NMR, GLC/MS, matched those obtained for 7 obtained from the 
pyrrolidine purif ication method which has been discussed. A quantity 
of 55.8 mg (0.285 mmole; 18.3%) of the endo and exo 1:1 Diels-Alder 
adducts (21a and 21b) between cyclopentadiene and indenone (18) was 
obtained (R^ = 0.20). 
The structure of Diels-Alder adduct 21a was obtained by i ts 
spectral properties: IR (CDClg) 2980, 2920, 2860, 1700, 1250 cm ^; 
NMR (CDCI3) 6 7.6-7.0 (m, 4H), 6.0-5.7 (m, IH), 5.5-5.3 (m, IH), 
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3.9-3.1 (m, 4H), 1.7 (s, 2H); NMR (CDCI3) 207.132, 155.721, 139.848, 
134.972, 133.240, 133.238, 127.279, 125.708, 123.216, 52.681, 45.639, 
45.640, 45.423, 44.936; GLC/MS m/e (70 eV) (relative intensity) 196 
(10.76), 131 (32.74), 130 (11.45), 102 (9.53), 76 (6.93), 66 (100); high 
resolution mass spectrum calculated for C^^H^gO, 196.08882, measured, 
196.08828. 
Diels-Alder reaction between cyclopentadiene and 2-methylenebenzocyclo-
butencne "(7) 
A quantity of 18 mg (0.139 mmole) of 2-methylenebenzocyclobutenone 
(7) was al lowed to react with a large excess of cyclopentadiene, ca. 
2 mL over a 4-h period. The excess cyclopentadiene was removed under 
reduced pressure. GLC/MS analysis of the product mixture indicated a 
5% formation of the 1:1 endo and exo Diels-Alder adducts (32a and 32b) 
in a 2:1 ratio. For compound 32a: GLC/MS (70 eV) m/e (rel. abundance) 
196 (29.5), 195 (40.7), 181 (74.7), 167 (60.4), 165 (44.0), 153 (38.3), 
152 (52.5), 131 (29.2), 115 (41.2), 102 (73.9), 82 (35.7), 66 (100), 
63 (43), 51 (42.0), and 50 (38.0). For compound 32b: GLC/MS (70 eV) 
m/e (rel. abundance) 196 (22.4), 195 (32.0), 181 (54.6), 167 (38.4), 
165 (32.7), 153 (23.8), 152 (35.2), 131 (25.7), 115 (30.1), 102 (61.4), 
76 (35.7), 66 (100), 52 (11.0), 51 (30.6), and 50 (28.6). 
Pyrolysis of 2-methylenebenzoc.yclobutenone (7) 
A quantity of 63.0 mg (0.49 mmole) of 7 in a ca. 0.4 mL of diphenyl 
ether was pyrolyzed at 700°C in the usual manner [26]. Deuterated 
chloroform was added to the product mixture in the l iquid-nitrogen-cooled 
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trap and the product mixture was al lowed to warm slowly to room 
temperature. GLC/MS analysis of the product mixture using o-dichloro-
benzene as standard indicated the formation of 2-niethylenebenzocyclo-
butenone (7), indenone (18), o-ethynylbenzaldehyde (19), and 
phenylacetylene (20) in a ratio of 25: 15: 5: 1, respectively. 
Attempts to trap allenylketene 24 
A quantity of 8.0 mg (0.062 mmole) of 2-methy1enebenzocyc1obutenone 
(7) was dissolved in ca. 0.2 ml of diphenyl ether. To this solution was 
added £3. 0.1 ml of methanol and the result ing solution was placed in a 
5-mm NMR tube and sealed. The tube was placed in a solution of diphenyl 
ether and heated to reflux over a 72-h period. FT-IR of the product 
mixture indicated the formation of methyl o^-vinylbenzoatc (28) [46] in 
trace amounts: FT-IR 1740 cm'^; NMR (CDC1-) 6 3.4 (s, 3H, for 
0 
CH3OC-); GLC/MS (70 eV) m/e (rel. abundance) 162 (6.6), 161 (35.3), 
145 (100), 115 (25.3), 103 (8.4), 102 (48.8), 76 (20.0), 75 (25.5). 
Several attempts to trap this allenylketene 24 with dienophiles 
such as maleic anhydride, and acryonitr i le were unsuccessful. 
Thermal reactions of 2-methylenebenzocyclobutenone (7) in diphenyl ether 
The results from the thermal reactions of 7 at various temperatures 
are summarized in Table 3 (page 115). In a typical reaction, a quantity 
of 6.0 mg (0.041 mmole) of 7 in 4 mL of diphenyl ether was placed in a 
15-mL pyrex tube. The tube was placed in a Dewar f lask with dry ice 
2-propanol slurry and allowed to cool to ca. -78°C. The tube was 
connected to a vacuum l ine at (0.5 mm) and allowed to stand at -78°C for 
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20 min. The cooling bath was removed and the tube was al lowed to warm 
slowly to room temperature while st i l l  under vacuum. The tube was 
sealed while under vacuum and was placed in a metal well preheated to 
ca. 200°C. After 1 h at 200°C, the solution turned faint yellow. The 
tube was removed and allowed to cool to room temperature. GLC analysis 
of the products using 8.0 mg (0.054 mmole) of o^dichlorobenzene as 
internal standard indicated the formation of 0.053 mg (0.004 mmole; 1%) 
of indenone (18); 0.054 mg (0.004 mmole; 1%) of o^ethynylbenzaldehyde 
(19); 0.21 mg (0.002 mmole; 5%) of phenylacetylene (20); and 2.13 mg 
(0.016 mmole; 40%) of 2-methylenebenzocyclobutenone (7). 
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SUMMARY 
Preparations of 2-methylenebenzocyclobutenone (7) and indenone (18) 
by the f lash vacuum pyrolysis of 3-benzoyloxymethylbenzofuran (6) are 
described. This reaction is analogous to the conversions of 3-furyl-
methyl benzoate (4) to methylenecyclobutenone (2). 
Ester 6 was synthesized start ing with ethyl phenoxyacetate. A key 
step in this sequence was the decarboxylation of 2,3-benzofuran-
dicarboxylic acid (16) to 3-benzofurancarboxylic acid (13). A much 
improved procedure for effecting this conversion was devised. This 
procedure involves the decarboxylation of 13 in greater than 80% yield 
by FVP at 700°C and ca. 10'^ Terr. 
FVP of 3-benzoyloxymethylbenzofuran (6) at 500-750°C gives 
2-methylenebenzocyclobutenone (7), indenone (18), o-ethynylbenzaldehyde 
(19), and phenyl acetylene (20). Two methods were developed for the 
preparation of pure samples of 2-methylenebenzocyclobutenone (7). The 
f irst method involves adding a known amount of pyrrolidine to the 
product mixture obtained by the pyrolysis of 6 at 500-580°C fol lowed 
by addit ion of acetic acid to neutralize the excess pyrrolidine; this 
destroys the indenone (18) and pure 7 is then obtained in 13% yield by 
f lash chromatography of the result ing mixture. The second method 
involves adding a large excess of cyclopentadiene to the product 
obtained by FVP of 6 at 500-580°C; cyclopentadiene adds much faster to 
indenone (18) and f lash chromatography of the result ing mixture provides 
pure 2-methylenebenzocyclobutenone (7) in 25% yield and the 
cyclopentadiene adducts of indenone (18) in 18% yield. 
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FVP of 2-methylenebenzocyclobutenone (7) gives indenone (18), 
^-ethynylbenzaldehyde (19), and phenyl acetylene (20). Pyrolysis of 7 
in a high boil ing solvent, diphenyl ether, at 150-300°C in a sealed 
tube gives as the major product phenyl acetylene (20) in 8-15% yield 
along with trace amounts, less than 1% each, of indenone (18) and 
o-ethynylbenzaldehyde (19). GLC/MS analysis along with a trapping study 
with methanol, showed that 2-methylenebenzocyclobutenone (7) and 
al lenylketene 24 (formed from 7 by a r ing opening of the cyclobutene 
moiety), are possible intermediates in the formation of the pyrolysis 
products from the FVP of 3-benzoyloxymethylbenzofuran (6). 
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GENERAL SUMMARY 
For Part I ,  the f lash vacuum pyrolysis (FVP) at lower temperatures 
(640-700°C) of furfuryl benzoate (1) provides as the major product 
methylenecyclobutenone (2) (31% yield) along with a fair yield of 
vinylacetylene (21) (15% yield) and the dimer of cyclopentadienone (4) 
(8% yield). At higher temperatures (740-800°C), FVP of furfuryl 
benzoate (1) provides as the major product vinylacetylene (21) (36% yield) 
along with a fair yield of the dimer of cyclopentadienone (4) (8% yield) 
and trace amounts, less then 1% yield, of methylenecyclobutenone (2). 
Similar results were obtained for the FVP of furfuryl acetate (3). Only 
minor differences between the pyrolysis of furfuryl benzoate (1) and 
furfuryl acetate (3) were observed. All pyrolysis products were 
characterized by NMR analysis, infrared analysis, and GLC/MS analysis. 
Three separate mechanisms were proposed to account for the 
formation of these products; 1) init ial alpha elimination of benzoic 
acid; 2) a single [3,3] migration fol lowed by alpha elimination of 
benzoic acid; and 3) two [3,3] migrations fol lowed by alpha elimination 
of benzoic acid. Study of the deuterium atom content of the pyrolysis 
products obtained from the pyrolysis furfuryl-a, a-à^ benzoate (5), 
furfuryl-5-d. benzoate (16), and furfuryl-3-d-, benzoate (17) provided 
information about the relative importance of these three pathways for 
the formation of the three main products. For the formation of 
methylenecyclobutenone (2), the percent contribution of the init ial alpha 
elimination of benzoic acid was in the range of 8-10%, and the percent 
contribution of the two [3,3] migrations fol lowed by alpha elimination 
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of benzoic acid was in the range of 80-90%. The percent contribution of 
the single [3,3] migration fol lowed by alpha el imination of benzoic acid 
was also in the range of 0-3%. 
For the formation of vinyl acetylene (21), the percent contribution 
of the init ial alpha el imination of benzoic acid was in the range of 
0-3%, and the percent contribution of the single [3,3] migration fol lowed 
by alpha el imination of benzoic acid was in the range of 40-45%. The 
percent contribution of the two [3,3] migrations fol lowed by alpha 
elimination of benzoic acid was in the range of 50-60%. 
For the formation of the dimer of cyclopentadienone (4), the percent 
contribution of the init ial alpha elimination of benzoic acid was in 
the range of 20-28%, and percent contribution of the two [3,3] migrations 
fol lowed by alpha elimination of benzoic acid was in the range of 60-70%. 
The percent contribution of the single [3,3] migration fol lowed by alpha 
elimination of benzoic acid mechanism was not obtained because the dimer 
(4) was not obtained in suff icient quantity from the FVP of furfuryl-3-d 
benzoate (17) to be analyzed. 
For Part I I ,  preparations of 2-methylenebenzocyclobutenone (7) and 
indenone (18) by the f lash vacuum pyrolysis of 3-benzoyloxymethyl-
benzofuran (6) are described. This reaction is analogous to the 
conversion of 3-furylmethyl benzoate (4) to methylenecyclobutenone (2). 
Ester 6 was synthesized start ing with ethyl phenoxy acetate. A 
key step in this sequence was the decarboxylation of 2,3-benzofuran-
dicarboxylic acid (16) to 3-benzofurancarboxylic acid (13). A much 
improved procedure for effecting this conversion was devised. This 
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procedure involves decarboxylation of 13 in greater than 80% yield by 
FVP at 700°C and ca. 10"^ Torr. 
FVP of 3-benzoyloxymethylbenzofuran (6) at 500-750°C gives 
2-methylenebenzocyclobutenone (7), indenone (18), o-ethynylbenzaldehyde 
(19), and phenylacetylene (20). Two methods were devised for the 
preparation of pure samples of 2-methylenebenzocyclobutenone (7). The 
f irst method involves adding a known amount of pyrrolidine to the product 
mixture obtained by the pyrolysis of 6 at 500-580°C fol lowed by addit ion 
of acetic acid to neutralize the excess pyrrolidine; this destroys the 
indenone (18) and pure 7 is then obtained in 13% yield by f lash 
chromatography of the result ing mixture. The second method involves 
adding a large excess of cyclopentadiene to the product mixture obtained 
by FVP of 6 at 500-580°C; cyclopentadiene adds much faster to indenone 
(18) and f lash chromatography of the result ing mixture provides pure 
2-methylenebenzocyclobutenone (7) in 25% yield and the cyclopentadiene 
adducts of indenone (18) in 18% yield. 
FVP of 2-methylenebenzocyclobutenone (7) gives indenone (18), 
o-ethynylbenzaldehyde (19), and phenyl acetylene (20). Pyrolysis of 7 
in a high boil ing solvent, diphenyl ether, at 150-300°C in a sealed tube 
gives as the major product phenyl acetylene (20) in 8-15% yield along with 
trace amounts, less than 1% each, of indenone (18) and o-ethynylbenzal-
dehyde (19). GLC/MS analysis along with trapping study with methanol, 
showed that 2-methylenebenzocyclobutenone (7) and allenylketene 24 
(formed from 7 by r ing opening of the cyclobutene moiety), are possible 
intermediates in the formation of the pyrolysis products from the FVP of 
3-benzoyloxymethylbenzofuran (6). 
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